Rational Design of Swelling-suppression in Silicon Anode for Lithium-ion Battery by Bok, Taesoo
  
저작자표시-비영리-변경금지 2.0 대한민국 
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 
l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  
다음과 같은 조건을 따라야 합니다: 
l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  
l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  
저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  
Disclaimer  
  
  
저작자표시. 귀하는 원저작자를 표시하여야 합니다. 
비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 
변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 
  
Doctoral Thesis 
 
 
Rational Design of Swelling-suppression in 
Silicon Anode for Lithium-ion Battery 
 
 
 
 
 
 
Taesoo Bok 
 
Department of Energy Engineering 
(Battery Science and Technology) 
 
 
Graduate School of UNIST 
 
2018 
 
 
  
 
Rational Design of Swelling-suppression in 
Silicon Anode for Lithium-ion Battery  
 
 
 
 
 
 
 
 
 
 
 
Taesoo Bok 
 
 
 
 
 
 
 
Department of Energy Engineering 
(Battery Science and Technology) 
 
 
Graduate School of UNIST 


  
 
  
I 
 
Abstract 
 
To make provision for the depletion of fossil fuel, energy storage system (ESS) plays an 
important role as much as energy conversion devices. As recent energy consumption significantly 
increases, it is necessary to prepare energy shortage in advance. ESS exists in various forms such 
as thermal, chemical, mechanical, and electromagnetic storage system. Among numerous 
chemical storage devices, lithium-ion batteries (LIBs) have been used from mobile to electric 
vehicles owing to their suitable energy and power density. However, as the needs of battery are 
increasing every year, the present system should be systematically changed for longer use. In this 
situation, silicon (Si) as an anode material in LIBs is one of the most promising materials owing 
to its high theoretical capacity, low reduction potential, and earth-abundant material, if 
disadvantages of Si such as volume expansion and low kinetics can be controlled. To overcome 
the limitation of Si to commercialize, rational design of Si is required.  
Herein, we focus on the material design and engineering to enhance the electrochemical 
performance of Si anodes. We mainly deal with chemical synthesis, characterization based on the 
advanced analysis tools, and evaluation from various methods. In case of Si synthesis, it is an 
acceptable approach that the length of Li+ diffusion path should be shortened for fast kinetic 
parameters. It means that Si can be available after nanostructuring such as thermochemical 
reduction and chemical-vapor deposition (CVD). In addition, ionic diffusivity and electric 
conductivity should increase by making the composite such as coating and mixture, delivering 
the high coulombic efficiency. For the precise analysis, structural evolution during 
lithiation/delithiation is confirmed through the X-ray diffraction (XRD), photoelectron 
spectroscopy (XPS), Fourier transform infrared (FT-IR), Raman, EXAFS, and in-situ 
transmission electron microscopy (TEM), electrochemical impedance spectroscopy (EIS), 
differential electrochemical mass spectroscopy (DEMS). Moreover, electrochemical evaluation 
is contained such as b-value calculation via cyclic voltammetry (CV), operating voltage cut-off 
for understanding the redox couples.  
In chapter Ⅱ, we introduce a cross-linked polymeric binder for Si anode. The binder consists 
of two different polymers, in which one acts as the crosslinking agent while the other plays a role 
in providing the stability on Si surface after making the electrode. The binder has a high 
mechanical strength, resulting in the effective support to endure the stress derived from the 
lithiation on Si.  
In chapter Ⅲ, we present a gel polymer electrolyte (GPE) substituted for liquid one in LIB. 
The concept of this theme is that the GPE can provide the safety in the cell and act as mechanical 
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buffer to the expanded Si. Moreover, its mechanical property is confirmed through the long-term 
electrochemical test. 
In chapter Ⅳ, we introduce two-dimensional Si (2D Si) as LIB anode material. In this system, 
2D Si has nano-scaled thickness and a micro-scaled width. The thin layer delivers the fast kinetics, 
while spacious area provides a low surface area for high initial coulombic efficiency (ICE). 
Besides, carbon-coated 2D Si shows the unique electrochemical behavior which indicates the 
development of wrinkle surface after delithiation. Through the in-situ TEM, EIS and 
computational study in parallel, we demonstrate why the 2D Si@C is electrochemically good. 
In chapter Ⅴ, we introduce 3D Si with numerous pores as an anode material. Porous Si is 
synthesized from porous silica made of block-copolymer and silica precursor via thermochemical 
reduction. Furthermore, electrochemical performance can be improved by using the control of 
heat generated from exothermic reaction.  
In chapter Ⅵ, we also demonstrate 3D Si with hollow and porous structure. It derived from 
metal-organic framework (MOF) such as nanocube type of ZIF-8. After silica coating, reduction 
into Si, and etching the MOF template, hollow Si nanocube is synthesized. The thermochemical 
reduction is applied for providing the mesopores into the sample without any changes in 
morphology. The inner void and pores can alleviate the stress by providing the available space to 
be expanded.  
In chapter Ⅶ, we newly design the new concept of Si and C composite. Apart from the 
conventional Si/C composite such as physical blending, graphene-encapsulated Si, and carbon 
coating on Si, Si atom is surrounded with C atoms, forming amorphous phase. The randomly 
distribution of Si and C shows its own electrochemical performance unlike blending system or 
coating system. The amorphous Si-C bonding is broken at deep lithiation like a hetero-fission, 
then at delithiation step, Si clusters are formed to deliver additional capacities while C frames 
remain for fast kinetics. These kinds of phenomena are analyzed through the in-situ TEM, ex-situ 
EXAFS, and ReaxFF-MD simulation. 
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1. Introduction 
 
1.1 Lithium-ion battery in ESS 
 
The global energy market has been focusing on research related to energy conversion 
technology, as it promotes the development of alternative materials for fossil fuels1-4. In specific, 
there are examples such as traditional wind turbines, solar cell, biomass, hydroelectric, 
geothermal system, rising tidal and wave generators5. Likewise, studies of energy storage system 
(ESS) have progressed a lot as much as conversion system. ESS can be classified into 4 groups: 
thermal6-8, chemical9-12, mechanical13-15, and electromagnetic storage16,17 according to energy 
sources. Additionally, ESS is available to each application due to its own storage mechanism, 
such as response time and duration. 
Among them, lithium-ion batteries (LIBs) are one of the great success on energy storage 
technology based on the combination of high energy and power density for portable electronics, 
power tools, and electric vehicles9,18,19. The LIBs have several advantages over other devices. 
First, Li is the lightest metal and the smallest in the single charged ion in periodic table, exhibiting 
with high gravimetric/volumetric capacity, and high-power density. Second, Li has the lowest 
standard reduction potential, resulting in higher cell potential and energy density18. Finally, there 
is little memory effect that is a critical problem in Ni-Cd battery20. 
  LIB cell has four main ingredients such as cathode, anode, electrolyte and separator. The 
principle of charging is as follows: Li-ion migrates from cathode through the electrolyte into 
anode, and meets electron from the current collector to make charge neutrality during charge, then 
reverse reaction happens on discharge process. Since the capacity is determined from the amount 
of lithiation into electrode material, these materials should be selected to store a lot of Li+, be able 
to respond quickly, and move fast. 
The cathode materials mainly stored guest Li+ in the host network, and removed reversibly. 
The compounds for the host materials are transition metal oxides and polyanions; detailed layered 
structure, spinel and olivine structure. LiCoO2 (LCO) is firstly introduced and successfully 
commercialized as a layered transition metal oxide for mobile and portable devices21,22, while 
LiMn2O4 (LMO), or LiFePO4 (LFP) has been focused for EV application due to the cost, high 
voltage cutoff and safety23, 24. However, all of them have a limitation due to the low gravimetric 
capacity under 180 mAh g-1. Therefore, Li-rich cathode for high energy density, Ni-rich material 
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for high power density and Mn-rich cathode for safety have been developed every year25-27. 
In case of anode, carbonaceous materials are firstly introduced and commercialized at the early 
stage of LIB such as graphite and hard carbon. The graphite delivers about 372 mAh g-1, and 
offers good electric conductivity, chemical stability, and Li+ transport28. However, the capacity of 
graphite is too low, compare to materials which can alloy with Li+ such as other IV group elements 
in periodic table except for carbon. For the next-generation LIB, the anode material with high 
energy density should be developed as well as new battery system (e.g. flexible, wearable, 
stretchable and deformable property). 
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Figure 1-1. A schematic diagram of specific applications for which storage technologies5 
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Figure 1-2. Comparison power rating and rated energy capacity with discharge time duration at 
power rating1. 
 
 
 
 
 
 
 
 
5 
 
 
 
 
 
 
 
 
 
Figure 1-3. A brief statistical study to the trend in ESS related research. 
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1.2 Anode material for LIB 
Anode materials are generally divided into three categories as a function of lithiation 
mechanism: (de)intercalation, (de)alloying, and conversion reaction.  
 
(De)intercalation materials: graphite, Li4Ti5O12 (LTO)   
Graphite is a good example for introducing the intercalation mechanism of Li+ into host 
network. It is generally known that the solvated Li+ passes through the gap between graphene 
layers, and reacts with 6 carbon atoms, forming LiC6 and delivering 372 mAh g-1. 29 Although 
graphite is firstly commercialized based on the stability in chemical thermal and mechanical, 
abundant availability, low cost and reduction potential, high Li+ diffusivity and electric 
conductivity, and low volume change during cycle. Graphite is not recommended for usage in 
polycarbonate(PC)-based electrolyte since the PC intercalated into graphite with together Li+, 
causing the exfoliation of graphite and capacity fading. In order to defend the vulnerable edge 
plane from PC and obtain high Coulombic efficiency (CE), the amorphous carbon is coated on 
graphitic carbon. 30-32 
Hard carbon has graphitic regions with disordered orientation due to the low synthetic 
temperature under 1000 oC. It also has nanovoid between grains, providing the additional 
gravimetric capacity. Its lithiation mechanism follows the Li physiosorption on the void or defect, 
rather than intercalation, while LiC6 is formed in graphitic grains. 33,34 
LTO is an attractive anode material owing to the superior stability in mechanical and 
electrochemical, and fast Li+ diffusivity into host network. 35 The voltage plateau is about 1.7 V 
(vs. Li/Li+), exhibiting the 175 mAh g-1 of reversible capacity. In general, as carbonate-based 
electrolytes are decomposed under 1.2 V, there is no SEI layer on LTO surface. Moreover, the 
host network of oxides is enough for reversible transport of Li+, leading to no volume change. 
Based on LTO chemistries, it can be used for fast charging devices, rather than high-energy 
density application. 36 
 
(De)alloying materials: Si, Ge, Sn, etc. 
Si, Ge, Sn, Sb and Al are the representative examples for alloying lithiation mechanism.37-39 
The formation of LixM can deliver higher specific capacity than materials with other mechanisms, 
but lead to a serious volume expansion. In this matter, Si is promising materials among them due 
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to the high theoretical capacity (3572 mAh g-1 for gravimetric, 8334 mAh cc-1 for volumetric 
capacity).38 Si also has additional advantages such as low reduction potential about <0.4 V (vs 
Li/Li+), and earth abundant. However, Si is expanded to ~300% in volume, leading to crack, 
pulverization, and the resulting capacity fading. Moreover, electric conductivity is lower than 
other active materials. Although Ge shows better electrochemical behavior during cycle (higher 
conductivity, 1384 mAh g-1, 7366 mAh cc-1), it suffered from ~250% of volume expansion, and 
tin as well38. To overcome these common problems in alloying materials, many researchers have 
concentrated on the part through experimental and computational study. The nanostructuring of 
Si may be helpful to reduce the volume expansion. Also, various applications, such as composite, 
doping, coating, and morphology control, can be combined together. 
 
Conversion materials: MnxO, NiO, Fe2O3, Co3O4, CuxO, SnO2, … 
In general, transition metal (TM) oxides can react with Li+, forming the Li2O + TM via 
conversion reaction39-45. It is well known for developing this approach to use oxides where Li2O 
is formed during lithiation. The Li2O itself can be active materials when the operating voltage is 
considerably widened, alloying with the transition metals such as MnO40. Although this method 
can reduce the loss of irreversible capacity, potential gap between anode and cathode decreased. 
Likewise, transition metal oxides deliver ~1000 mAh g-1, but they cannot realize high energy 
density anode due to the high reduction potential ~1 V. 39-42 In addition, the consumption of Li+ is 
high on 1st lithiation between the general voltage windows. Thus, the nanostructured design 
causing fast kinetics is essential in this system to obtain the more charge capacity. 
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Figure 1-4. Schematic representation and operating principles of Li rechargeable batteries.9 
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Figure 1-5. A schematic representation of the different reaction mechanism observed in electrode 
materials for lithium batteries64. 
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Figure 1-6. Approximate range of average discharge potentials and specific capacity of some of 
the most common conversion type anodes (experimental), and an overview of the average 
discharge potentials and specific capacities for all types of electrodes. 18 
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1.3 Silicon as an anode material 
As mentioned above, Si is one of the most promising candidates for next-generation anode 
materials due to the low reduction potential, high capacity, and earth-abundant, if volumetric 
deformation can be controlled. The strategies for better cycle retention of Si electrode have been 
developed including downsizing in dimension46, formation of composite47, doping and 
functionality48, morphology control49-51, and coating method36.  
First, nanostructured-Si shows the different electrochemical behavior with bulky Si46. Li ions 
cannot be diffused into core-level of bulk-Si, remaining the crystalline Si core after enough 
lithiation due to the low Li+ diffusivity and electric conductivity. For the deep lithiation up to 
inner Si, the material size should be in nano-scale. Moreover, it is effectively worked on the stress 
relaxation. The crack is formed and easily propagated in bulk-Si, while Si nanoparticle (SiNP) 
shows no fracture on surface due to the higher surface energy which can endure the hoop stress 
induced lithiation on Si surface46. Its threshold particle size, which is unbreakable during lithiation, 
is under 150 nm. However, it is not a perfect solution with respect to capacity decay. 
Si-composite is a popular approach to overcome Si drawbacks. There are two objectives related 
to kinetic and mechanical support. If Si-composite materials consist of Si and conductive material, 
conductive material can provide faster kinetics than Si and act as a mechanical buffer, preventing 
the Si fracture from a volume expansion47. The representative examples are graphene-
encapsulated Si and graphite blending52. 
It is well known technology that the electric conductivity can be enhanced in doped Si. Its 
method was applied in synthetic process for anode material. Metallurgic Si consists of Si-Si single 
covalent bonding, while doped Si exists as the electron-rich or hole-rich state, a lower band-gap, 
enabling high electric conductivity. Based on enhanced conductivity, the energy barrier of surface 
lithiation decreased in P-doped Si48.  
The morphology control is another important keyword for the nanostructuring Si53. Through 
this method, Si can be designed for high performance active material. It is commonly classified 
into four categories: 0 dimensional (0D), 1D, 2D, and 3D Si54,55. 0D Si means SiNP mentioned 
above, and has inevitably a low tap density that is an important point to evaluate the 
electrochemical results46. 1D Si (Si nanowire, SiNW) introduced by Yi Cui shows the high 
capacity retention due to its structural feature facilitated the internal stress, while it had several 
limitations for mass production due to the high cost synthetic process and small batch49. The 
electrochemical performance of 2D Si is highly dependent on the thickness of sheet. For example, 
thin 2D Si has higher surface area-to-volume ratio, resulting in a serious side-reaction and a low 
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initial coulombic efficiency (ICE), while thick 2D Si has the similar properties with 0D or bulky 
Si50. Since 2D Si is also synthesized through the CVD, the cost problem is inevitable. Finally, 3D 
Si means the 3D network Si frame such as porous Si. 3D Si has superior cycle retention property 
owing to numerous pores that act as the void space to alleviate the internal stress and thin Si frame 
that provides the short Li+ diffusion path for fast kinetics51. However, there is a trade-off between 
the ICE and cycle retention. 
  Surface modification method is widely used as coating on Si. It is well known that the thick 
SEI layer is formed on Si surface after the cycle due to the chemical instability. The thick SEI 
layer retards the Li+ solvation, acting as a kind of resistance. To provide the stability to electrolyte 
and electric conductivity, carbon coating method on Si surface is used in general. Apart from 
carbon, ceramic and metallic compound is applied for the support from the stress relaxation such 
as Al2O3, TixSiy, Metal (Cu, Ni, Fe, Ag)56-61. The conductive polymer coating, such as polypyrrole 
and polyaniline, can be included61, 62.  
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Figure 1-7. (a) Availability and (b) capacities of elements that may host Li as electrodes.18  
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Figure 1-8. The schematic diagram of the strategies in Si material design for the high 
electrochemical performance. 
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Chapter Ⅱ. A siloxane-incorporated copolymer as an in-situ cross-
linkable binder for high performance silicon anodes in Li-ion batteries 
Introduction 
 
 2.1 Introduction 
 
Silicon has been intensively studied as a candidate anode material for Li-ion batteries (LIBs) 
over the last few decades. Such research is driven by the high energy density of silicon, which 
can surpass that of conventional carbon-based anode materials1, 2. However, the silicon anode is 
limited by critical problems such as large volume expansion (~300%)3 during the lithiation 
process and deficient Li-ion diffusivity (1.8 x 10-14 cm2 s-1 at room temperature)4. Numerous 
strategies have been developed to solve these problems, including coating the silicon surface with 
effective materials (e.g., carbon5, Ag6, Li4Ti5O127, Al2O38, 9, etc.,) and the design of nanostructured 
silicon10 (e.g., hollow particles11, core-shell structures12, nanowires13, and porous structures14). 
The electrochemical performance of the silicon anode is strongly size-dependent in such a way 
that formation of cracks and fracture is almost negligible when the particle size of silicon is below 
150 nm10. However, the nanostructured materials generally have a low tap density and high 
specific surface area, resulting in low energy density and a large irreversible capacity loss. This 
is linked to the emergence of active/inactive composites having a higher tap density and lower 
specific surface area than the nanomaterials 15. Therefore, silicon anodes with effective coating 
layers have attracted significant attention for use in LIBs. Although the aforementioned silicon 
anodes have shown promising electrochemical performance, further development of silicon must 
be achieved for practical implementation. Control of the polymeric binder is one prospective 
avenue to resolve this problem.  
In inceptive studies, poly(vinylidene fluoride) (PVdF), which is a thermoplastic material with 
poor elastomeric properties, was used as a conventional binder for carbonaceous materials and 
alloy anodes. The poor efficiency of the PVdF binder in alloy anodes has led to the introduction 
of several alternative binders such as poly(vinylidene fluoride-tetrafluoroethylene-propylene) 
(PVdF-TFE-P), styrene-butadiene rubber (SBR), and crosslinked poly(acrylic acid)/sodium 
carboxymethyl cellulose (PAA/CMC)16 to accommodate the large volume change of alloying 
materials to achieve better cycle retention15. Stiff and brittle polymer binders such as PAA and 
CMC are more effective than PVdF or SBR for enhancing the capacity retention of LIBs17, 18. 
CMC can form strong connections with carbon black, the active materials, and the current 
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collector to form a network with each other19. Dahn et al. asserted that the lithium polyacrylate 
(Li-PAA) binder gave rise to much better capacity retention than the CMC binder20. Furthermore, 
Kovalenko et al. reported that an alginate binder from natural resources gave rise to better initial 
columbic efficiency (ICE), and cycle stability and was a less expensive and more environmentally 
friendly binder21. Accordingly, these reports indicated that the cycle performance was strongly 
influenced by the selection of the binder. Further investigations are therefore needed to optimize 
the effects of various binder systems. Recent studies have explored several approaches for 
modification of binders to improve the electrochemical properties of the silicon anode, including 
introduction of conducting functional groups in the polymer backbone to achieve a conducting 
binder22-24, modification of conventional CMC25, PAA26, and alginate27 binders, as well as binder 
design based on an interconnected three-dimensional (3D) network16, 28-29. All of these approaches 
furnished superior performance in terms of the ICE, cycle retention, and specific capacity, 
compared to conventional PVdF-based binders. CMC-based binders can be considered as state-
of-the-art in this field16, 22. The advantages associated with CMC include the natural abundance 
of cellulose (which is the precursor for CMC), water solubility, and easy disposal after cycling. 
These properties make CMC useful as a commercial adhesive for the nano-Si/C anode of LIBs 
with long-term durability30. However, the demerits of CMC include the uncontrollable molecular 
weight, non-tunable mechanical properties, and surface oxidation of the Si31 anodes. These 
limitations have led to the introduction of another polymeric binder, poly(acrylic acid) (PAA). 
The major advantage and selling point of PAA is the possibility for enrichment of the carboxylic 
acid functional groups31. However, electrode cracking and consequent pulverization occur after 
several cycles due to the glassy nature of the electrode in which PAA is used as a binder. An 
alginate-based binder effectively improved the electrochemical performance of the Si-based 
anode compared to CMC and PAA27. The one-dimensional structure and the secondary 
interactions of the binder are sensitive to the severe volume expansion of Si. In due course, a 3D 
network-forming binder was proposed and has been the subject of overwhelming recent interest.  
In a dedicated effort to eliminate certain existing demerits associated with available binders, 
the present study describes the development of an in situ cross-linkable, 3D, interconnected, 
siloxane-containing novel polymeric binder, poly(tert-butyl acrylate-co-triethoxyvinylsilane). 
The tert-butyl protecting group undergoes decomposition upon thermal treatment and forms a 
highly interconnected 3D network via the condensation reaction. This process may minimize the 
electrode disintegration caused by silicon volume expansion.  
An additional problem associated with the silicon anode that reduces the battery efficiency is 
the formation of an unstable solid-electrolyte-interface (SEI) on the silicon surface. In most cases, 
the SEI layers formed on the silicon surface are unstable and cannot  
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protect the electrode from undergoing further reaction with the electrolyte. The volume expansion 
of silicon particles results in the formation of cracks on the SEI layer, leading to continuous 
consumption of electrolyte. The SEI layers thus became thicker and reduced the battery 
performance32. In order to minimize this problem, we introduced silicon functional groups in the 
present molecular design. The high affinity between silicon and fluorine is well-established33. 
Thus, it was anticipated that during cycling, once the SEI is formed from a conventional lithium 
salt such as lithium hexafluorophosphate (LiPF6), it should exist as a stable coating layer over 
several cycles due to the presence of fluoride ions and protect the electrode from further reaction 
with the electrolyte.  
For practical application, the production cost and synthetic feasibility of the binder also must 
be considered. The present binder can be synthesized via simple 2,2′-azobis-(isobutyronitrile) 
(AIBN)-mediated free radical polymerization, which is cost effective and less time consuming. 
Herein, we synthesize a series of random copolymers consisting of tert-butyl acrylate and 
triethoxyvinylsilane and evaluate the electrochemical behavior of various binders on the Si anode. 
In-depth investigations show that 21% of TEVS in the random copolymer gives rise to superior 
performance of the copolymer as a binder for Si anodes in Li-ion batteries. 
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2.2 Experimental 
 
Materials and Characterizations 
tert-Butyl acrylate [stabilized with hydroquinone monomethyl ether (MEHQ), Tokyo 
Chemical Industries (TCI), Tokyo, Japan] was passed through an alumina column before 
use to remove inhibitors. Triethoxyvinylsilane was purchased from TCI and was used 
without further purification. Polyacrylic acid (PAA), Carboxymethylcellulose (CMC), 
Alginate, Polyvinylidinefluoride (PVdF) was obtained from Sigma Aldrich Korea.  
Dialysis membranes with molecular weight cut-offs (MWCOs) of 12−14 kDa were 
obtained from Spectra/Pro. The polymers were characterized using 400 MHz 1H-NMR 
spectroscopy, FT-IR spectroscopy, and gel permeation chromatography (GPC) 
[poly(methyl methacrylate) standards in tetrahydrofuran eluent] (Agilent Technologies, 
Santa Clara, CA). Thermogravimetric analyses were performed with a TGA Q500 V20 
analyzer (TG instruments, 159 Lukens Dr., New Castle, DE 19720, United States of 
America) under nitrogen atmosphere at a heating rate of 10 oC/min. Top- and cross-
sectional images of the silicon anode before and after cycling were acquired by scanning 
electron microscopy (Various 460, FEI) at 10 kV without any metal coating process. X-
ray photon spectroscopy measurement (K-alpha, Thermo Fisher) was used to characterize 
the SEI layer formation on the silicon surface. 
Synthesis of poly(tert-butyl acrylate-co-triethoxyvinylsilane) 
A series of random copolymers was synthesized by AIBN-mediated free radical 
polymerization. Similar procedures were used to synthesize the random copolymers. For 
batch TBA-TEVS-21 (where the number at the end indicates the amount of TEVS), AIBN 
(4.2 mg, 0.026 mmol), tert-butyl acrylate (3.3 g, 25.75 mmol), and triethoxyvinylsilane 
(2.95 g, 15.45 mmol) were purged with nitrogen for 15 min in an oven-dried round-bottom 
flask. The mixture was stirred at 100 °C for 24 h in an oil bath. The resulting reaction 
mixture was dissolved in methanol (MeOH) and dialyzed against MeOH using a dialysis 
membrane with a molecular weight cut-off of 12−14 kDa. After dialysis, methanol was 
evaporated to yield the pure product as a white solid (yield =  ̴ 90 %). GPC (Mn = 15 kDa). 
To synthesize polymers with varying molar ratios, the amount of AIBN and tert-butyl 
acrylate was maintained constant, and the amount of triethoxyvinylsilane was varied using 
the same synthetic procedure as described above (the samples are hereafter represented as 
TBA-TEVS-n, where ‘n’ indicates the mol-percentage of the triethoxyvinylsilane 
functional group). For synthesizing polymers with varying molar composition, amount of 
24 
 
triethoxyvinylsilane were varied using the similar synthetic procedure as described for 
TBA-TEVS-21. TBA-TEVS-9, TBA-TEVS-26, TBA-TEVS-34, TBA-TEVS-50, and 
TEVS, were synthesized with similar method by varying the amount of 
triethoxyvinylsilane from  0.95 g (5.15 mmol), 4.9 g (25.75 mmol), 9.8 g (51.5 mmol), 
to 39.2 g (103 mmol) respectively.  Complete syntheses of the polymer batches were 
confirmed by FT-IR and 1H-NMR spectroscopy. 
Experiment to Confirm the cross linking. 
The cross linking of TBA-TEVS-n was confirmed by FT-IR spectroscopy. The polymer 
film was made on the silicon wafer surface from 15 wt.% polymer solutions in N-methyl 
Pyrrolidine (NMP). The film kept initially kept under vacuum at room temperature in order 
to evaporate the solvent for 24hr, and then allowed to undergo cross linking at high 
temperature vacuum oven at 250 0C for 2 hr. The films were then used to measure the FT-
IR spectra. 
Nanoindentation Measurement 
Nanoindentations were carried out at room temperature using XP module of 
Nanoindenter G200 instrument (Agilent Technologies, Santa Clara, CA) with a three-sided 
pyramidal Berkovich indenter. Twenty nanoindentations were made for each sample to 
obtain reproducible data. Maximum indentation depth was 1000 nm, which was shallower 
than 1/10 of the sample thickness. Although hardness and elastic modulus as a function of 
indentation depth measured by continuous stiffness measurement (CSM) do not show 
stable trend at very shallow indentation depths, primarily because of intrinsic issues at very 
early stage of contact in nanoindentation, data collected at indentation depths greater than 
100 nm show stable trends that are nearly constant for both the hardness and elastic 
modulus. 
Electrochemical Measurement 
The electrochemical properties of a silicon anode employing the polymeric binder were
 tested using a 2016 R-type coin cell. Lithium metal was used as counter electrode in t
he half-cell. The working electrode consisted of 10 wt.% carbon-coated silicon nanopartic
les (70%, Alfa Aesar), synthesized binder (15%), and super-P (15%). The mixed slurry 
was spread on a Cu current collector and dried at 250 oC for 2 hr. under vacuum. LiP
F6 (1.3 M) in ethylene carbonate and diethyl carbonate (Panaxetec, EC/DEC, 3:7 volume 
ratio) with 10 wt.% fluoroethylene carbonate (FEC) was used as the electrolyte. The loa
ding mass of active material was about ~1.0 mg cm-2, except for that used for the high 
mass loading test (1.6 mg cm-2). The half-cells were tested in the voltage range of 0.00
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5 V to 1.5 V at a rate of 0.05–0.2 C. All the cells were electrochemically tested with 
a WBCS-3000 battery cycler (Wonatech Co.) at ambient temperature. 
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Figure 2-1. Schematic representation of a superior polymeric binder, TBA-TEVS-21, which is 
incorporated with siloxane and in situ cross-linkable functional moieties.  
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2.3 Results and discussion 
 
We successfully synthesized and characterized a series of random copolymers, 
poly(tert-butyl acrylate─co─triethoxy-vinylsilane), by free radical polymerization (Figure 
2-2a). The polymers were prepared with different molar ratios of the constitutive 
monomers (Table S1), TBA-TEVS-n, where ‘n’ was varied as 9, 21, 26, 34, 50, and 100 
mol.% in order to find the optimum composition of the random copolymer for maximizing 
the efficiency as a binder for the silicon anode. The percentage composition of each 
monomer in the polymer was determined from 1H-NMR analysis by comparing the 
integrals of the peaks of hydrogen attached to the tertiary carbon of the tert-butyl group, 
which appeared at 2.23 ppm (CDCl3), with that of the secondary hydrogen close to the 
oxygen in the siloxane group, which appeared at 3.79 ppm (CDCl3) (Figure 2-2b). As the 
amount of TEVS was increased, the intensity of the peak at 3.79 ppm also increased, 
whereas the intensity of the peak at 2.23 ppm decreased along with a change in the integral 
value, which confirmed successful synthesis of polymers with different compositions. 
We conducted a series of galvanostatic measurements to investigate the effect of 
varying the TEVS content in the binder on the electrochemical performance of the 
assembly by fabricating a coin type half-cell with lithium metal as the counter electrodes. 
Fig. 2-3a shows the first cycles in the galvanostatic discharge and charge curves for the 
carbon-coated silicon nanoparticles (10%) with various polymeric binders, acquired in the 
range of 0.01–1.5 V. The TBA-TEVS-n polymeric binder gave rise to significantly 
enhanced cycle retention and better columbic efficiency than the conventional PVdF 
binder. However, slight variation of the TEVS content in the new polymeric binder 
resulted in a considerable change in the specific capacity as shown in Fig. 2-3b. TBA-
TEVS-9 (with the lowest TEVS content) gave rise to a specific capacity of 3090 mAh g-1 
and an ICE of 80.8%. In this case, even though the specific charge capacity was retained 
up to 50 cycles, a continuous decay was observed after 70 cycles. It can be assumed that 
extensive pulverization and the lack of a stable SEI contribute to this observed decay. With 
a further increment of the TEVS content up to 21%, TBA-TEVS-21 exhibited a high 
charge capacity of 3100 mAh g-1 and ICE of 81.8%. 
 TBA-TEVS-21 gave rise to surprisingly stable cycle retention up to 100 cycles 
compared to the other samples. Further increasing the TEVS content anomalously reduced 
the specific charge capacity and cycle retention. The TEVS homopolymer gave rise to 
dramatically poor performance with almost zero specific capacity after 50 cycles. This 
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result indicates that the TEVS polymer by itself is ineffective as an anode binder since it 
cannot withstand significant internal stress during cycling. TBA-TEVS-50 gave rise to 
moderate performance with an initial specific capacity of 2551 mAh g-1 and a retained 
capacity of about 1500 mAh g-1 after 100 cycles. This decrease in the capacity may be 
attributed to decreased cross-linking density. The respective specific capacities achieved 
with the binders having various TEVS contents were 2991.9, 2598.7, 2551, and 2362 mAh 
g-1 for 26%, 34 %, 50 %, and 100% TEVS. Twenty-one percent of TEVS with TBA was 
optimal for producing an efficient binder for the silicon anode in the lithium ion battery. 
Peaks corresponding to only silicon were observed in the cyclic voltammogram of TBA-
TEVS-21, and no peaks corresponding to any side reactions of the binder with lithium 
metal or the electrolyte were apparent (ESI, Fig. S1). The minimized side reaction of TBA-
TEVS-21 due to the presence of siloxane building block combined with its high columbic 
efficiency demonstrates that stable SEI layers were formed on the electrode surface, and 
electrolyte decomposition on the electrode surface became slower over hundreds of cycles. 
The high sustainability of TBA-TEVS-21 indicates that it can maintain electronic and ionic 
transport pathways at the silicon-silicon interface without serious side reactions. To further 
confirm the good cycle retention, electrochemical impedance spectroscopy (Figure 2-4) 
analysis was carried out at both the initial and 100th cycle The Nyquist plot in the range of 
100 kHz to 0.1 Hz with an amplitude of 10 mV shows a semicircle related to the SEI layer 
resistance. In the case of TBA-TEVS-21, the SEI layer-related resistance was maintained 
from the first to 100th cycle at about 40 Ω, while the resistances of TBA-TEVS-50 and 
TBA-TEVS-100 were about 180 Ω and over 3500 Ω, respectively. A larger semicircle 
represents higher resistance of the SEI layer, which is attributed to loss of the electric 
transfer pathway owing to severe volume expansion, resulting in decay of the charge 
capacity. In order to confirm the good mechanical binding energy and electronic contact 
of TBA-TEVS-21, a rate capability test was performed up to 10 C rate. Even at current 
rate of 10 C rate, a specific capacity of over 1750 mAh g-1 was retained with TBA-TEVS-
21 after several cycles (Figure 2-3c). The high specific capacity achieved with the binder 
during such fast charging and discharging indicates that the binder based on TEVS 
provides a sufficiently stable SEI layer to prevent side reactions of the silicon particle with 
other components. The binder gave rise to an excellent specific capacity of 2000 and 2250 
mAh g-1 at 8 C and 3 C rate, respectively, which confirmed the superiority of TBA-TEVS-
21 as an effective binder for the silicon anode in LIBs.  In addition, high-mass loading of 
active materials plays a key role in enhancing energy density of LIB anodes. Figure 2-2d 
shows cycle retention of silicon anode with a high areal capacity of 2.02 mAh cm-2, which 
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resulted in exceptional cycling stability. We have then compared the electro chemical 
performance of TBA-TEVS-21 with the most commonly used as called conventional 
binders, such as PAA, CMC, Alginate, PAA-CMC mixture and PVdF. The PVdF is a poor 
binder for the Si anode because of the very weak interactions between binder and Si 
nanoparticles, leading to the desquamation of active materials from the current collector 
during cycling. Even though all other binders that we have choose as a control are known 
as the best polymers for Si anodes, the TBA-TEVS-21 exhibited high cycle retention with 
much higher specific capacity. (Figure 2-3e, d) 
To confirm the fact that, TBA-TEVS-21 could provide a stable SEI to the electrode throughout 
the cycling, we have evaluated the SEI layer composition on the silicon nanoparticle surface after 
first and twenty cycles using X-ray photon spectroscopy (XPS). The comparison of C 1s spectra 
of TBA-TEVS-21 with C 1s spectra of PAA-CMC showed that the intensity of the peak 
corresponding to Li2CO3, which is a result of electrolyte (EC) decomposition, is significantly 
reduced in TBA-TEVS-21 compared to PAA-CMC. This observation directly indicates that the 
TBA-TEVS-21 binder is well coated to the Si nano particle surface which prevents the further 
decomposition of electrolyte and thereby prevents the breaking. Similarly, the 1s F spectra 
indicated that the peak intensity corresponding to LiF is lower for TBA-TEVS-21 after cycling 
where as it is observed with high intensity in the case of PAA-CMC binder. The LiF is major 
composition of SEI layer, which come from fluoroethylene carbonate (FEC). A higher intensity 
of this peak represents higher salt decomposition from the electrolyte, similarly lower intensity 
of this peak in TBA-TVES-21 binder directly supports our hypothesis that the binder provides a 
stable and thin coating, so that the further decomposition is significantly reduced in the case of 
TBA-TEVS-21 that in turn refers stable SEI. 
We have thus far presented a series of analyses and instrumental techniques to investigate the 
remarkably superior performance of the as-synthesized novel polymeric TBA-TEVS binders. 
Multiple synergistic effects are required in order to explain the stable performance of the silicon-
incorporated polymeric binder with the optimum percentage of TEVS, herein TBA-TEVS-21, 
rather than a single factor. The foremost reason for this stable performance is expected to arise 
from the highly stable, robust, and interconnected 3D polymer network that forms upon thermal 
treatment of the electrode containing the binder. TGA analysis of TBA showed that the tert-butyl 
group in the polymer decomposes around 250 oC (Fig. S3); thereafter, it changes to PAA. Aware 
of this transformation, we subjected the binder to heat treatment under vacuum to achieve de-
protection of the tert-butyl protecting group and produce the carboxylic acid functionality with 
simultaneous crosslinking. The temperature for decomposition of the tert-butyl protecting group 
in TBA-TEVS-n was slightly lower than that of pure poly(tert-butyl acrylate), and the temperature 
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decreased in accordance with a decrease in the percentage of the tert-butyl group. For TBA-
TEVS-21, decomposition of the tert-butyl group occurred at 215 oC (ESI, Fig. S4). Crosslinking 
resulted in the formation of an anhydride between two adjacent carboxylic acid groups which had 
undergone the condensation reaction. This leads to the formation of in an in-situ cross-linkable 
binder, which ensures sufficient stability of the 3D crosslinked network to minimize pulverization 
of the silicon particles. FT-IR spectral analysis of TBA-TEVS-21 after thermal treatment shows 
the appearance of a new peak around 1800 cm 1̄, which confirms the formation of an ester bond 
(Figure 2-5). In order to make sure the peak around 1800 cm-1 stands for carbonyl stretching 
frequency of anhydride, we have conducted the similar cross-linking experiment with PAA. The 
FT-IR analysis of PAA also showed a distinct peak at 1808 cm-1 which confirms the formation of 
anhydride as a result of condensation reaction of two adjacent carboxylic acid functional groups. 
(ESI, Fig S5). The broad peak at 3000–3500 cm ̄1 in the FT-IR spectrum implies the presence of 
non-crosslinked carboxylic acid groups. The free carboxylic acid group further enhances the 3D 
network by multi-dimensional non-covalent interactions such as inter-intra molecular hydrogen 
bonding. Moreover, the carboxylic acid group improves the adhesion between the silicon surface 
and the current collector28. Even though the binder exhibited superior performance at a low Si 
loading with 15 wt.% of TBA-TEVS-21, it is necessary to demonstrate its efficiency with a high 
silicon mass loading in order to achieve higher energy density. Most of the binders that exhibit 
excellent performance at low mass loading fail to retain the superior performance during cycling 
at higher mass loading due to huge volume expansion, collapse of the SEI layer, and consequent 
loss of electrical contact with the active material. In order to investigate the effect of the TBA-
TEVS binder on the electrochemical performance of the silicon anode with higher mass loading, 
we fabricated a thicker electrode with a loading level of 1.6 mg cm-2. As aforementioned, the bi
nder retained a high areal capacity of 2.02 mAh cm-2, which did not fall below 1.7 mA
h cm-2 over 50 cycles (Figure 2-3d). This observation led us to conclude that the develo
ped binder can serve as an efficient candidate for practical anode application for the rea
lization of a high energy electrode. For deeper evaluation of the stability of the electrodes, 
SEM images were acquired after 100 cycles for the electrode with the TBA-TEVS-21 binder. We 
have confirmed the size distribution of pristine silicon nano particle by TEM before coating with 
10% carbon. The TEM analysis showed a particle size distribution of around 150 nm (Fig. 2-5a). 
The TEM reveals the uniform carbon coating of silicon nano particle without any aggregation 
(Figure 2-6b). Figure 2-6c shows the SEM images for as-fabricated silicon electrodes in which 
the binder was neatly stacked on the copper foil with a thickness of 13.3 µm (Figure 2-6c). After 
100 cycles, the electrode thickness increased to 25.8 µm (Figure 2-6d). This increment of 
electrode thickness implies that the silicon electrode took place a little volume expansion of 90% 
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with a slight agglomeration, in which the silicon particles were still strongly connected to each 
other (Figure 2-6f).  
In order to gain insight into the mechanical behavior of the new binder, nano 
indentations were conducted. The binders exhibited remarkable enhancement in hardness 
and elastic modulus after thermal crosslinking. Before crosslinking, the hardness and 
elastic modulus of TBA-TEVS-21 were respectively quantified as 0.09 (± 0.002) and 2.3 
(± 0.02) GPa. The same binder exhibited somewhat enhancement after crosslinking, as 
indicated by the change in the hardness and modulus to 0.33 (± 0.03) and 8.1 (± 0.5) GPa, 
respectively. These are even higher than those of conventional PAA binders for which 
hardness and modulus values of 0.09 (±0.01) and 3.80 (±0.20) GPa have been respectively 
reported (ESI, Fig. S7). This comparison strongly supports the present proposal that TBA-
TEVS-21 can act as a superior performance binder by providing sufficient mechanical 
support.  
We have analysed the impact of mechanical property of the TBA-TEVS-n binder series on the 
electro chemical behaviour (ESI, Fig. S6).  To investigate this, we have conducted the nano-
indentation tests for TBA-TEVS-9 and TBA-TEVS-34 and compared it with cross-linked PAA 
binders. After cross-linking, the TBA-TEVS polymers exhibited a decreasing trend in the 
hardness as well as modulus value along with the increasing percentage of TEVS content. The 
TBA-TEVS-9 showed highest value for both hardness and modulus 0.33 (±0.01) and 8.1 (±0.2) 
GPa respectively after cross linking. As shown in Table 1, it is clear that there should be an 
optimum hardness and modulus in order for the binder to exhibit the better electro chemical 
performance. The better electrochemical performance of TBA-TEVS-21 can also be attributed to 
its high elastic modulus (7.6 (±0.2) GPa) compared with conventional PAA binder (6.5 (±0.2) 
GPa). However, the TBA-TEVS-34 possesses the lowest value for both hardness and modulus 
among this series, 0.23 (±0.01) and 6.1 (±0.2) GPa respectively, and it exhibited poor electro 
chemical performance among the three. The TBA-TEVS-9 showed a stable electro chemical 
performance until 70 cycles but after that it drastically decreased. This drastic decrease might be 
associated with high hardness of TBA-TEVS-9. 
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Figure 2-2. (a) Synthetic approach for the preparation of TBA-TEVS-n, (b) characterization of 
TBA-TEVS-n by 1H-NMR. 
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Figure 2-3. (a) Formation voltage profiles and (b) cycle retention tests of the silicon anodes which 
were made with various amounts of the TBA-TEVS polymeric binder. (c) Rate capability test of 
silicon anodes with a different current density (1C = 2.5 A g−1) each for 5 cycles at room 
temperature. (d) High loading level cycle evaluation shows outstanding areal capacity and great 
retention. (e) Formation voltage profiles and (f ) cycle retention tests of the silicon anodes which 
were made with TBA-TEVS-21 in comparison with PAA, CMC, PAA-CMC and PVdF. 
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Figure 2-4. Nyquist plots of Si anode prepared with polymeric binders with various TEVS 
contents. (a) TBA-TEVS-21, (b) TBA-TEVS-50, and (c) TEVS. TBA-TEVS-21 sample showed 
the lowest SEI resistance and charge transfer resistance values, and also maintained initial 
resistance after 100 cycles 
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Figure 2-5. FT-IR spectra of TBA-TEVS-21 before and after crosslinking show the formation of 
an anhydride linkage after thermal treatment at 220 °C. 
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Figure 2-6. (a) TEM image of pristine silicon nanoparticles showing a particle size distribution 
of around 150 nm. (b) TEM images after 10% carbon coating. SEM images of (c) and (e) the as-
prepared silicon electrode using the TBA-TEVS21 binder and (d) and (f) silicon electrode after 
100 cycles. Silicon nanoparticles were somewhat aggregated with over 90% volume expansion 
during 100 cycles, but still maintained the nano-size scale. 
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Figure 2-7. XPS spectra on the silicon anode surface with the PAA-CMC binder (a), (b), and 
TBA-TEVS-21 (c), (d) after the first and twentieth cycles. The C 1s spectra showed a significantly 
lower intensity for TBA-TEVS-21 indicating the uniform coating of TBA-TEVS-21 on the silicon 
nanoparticle surface. The significantly lower intensity for the LiF peak implies lower salt 
decomposition from the electrolyte on the silicon nanoparticle. These observations stand for the 
formation of a stable and thin layer of SEI for the electrode with the TBA-TEVS-21 binder. 
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Figure 2-8. Nanoindentation measurement of TBA-TEVS-21 before and after crosslinking (a) 
hardness (b) elastic modulus. 
 
 
Table 2-1. Elastic modulus and hardness for TBA-TEVS-n binders in comparison with PAA 
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2.4 Conclusion 
 
In summary, we have introduced poly(tert-butyl acrylate─co─triethoxyvinylsilane), TBA-
TEVS-n, as a novel in situ cross-linkable polymeric binder for the Si anodes of LIBs. Systematic 
analysis with variation of each monomer in the polymer showed that 21% of triethoxyvinylsilane 
in the polymer, TBA-TEVS-21, produced superior performance as a binder compared with 
conventional polymeric binders and led to reduced pulverization. We have shown that the 
excellent performance of TBA-TEVS-21 is attributed to the formation of a 3D-interconnected 
network that is generated as a result of in situ crosslinking due to removal of the tert-butyl 
protecting group upon thermal treatment. The stable SEI formed during cycling, as indicated by 
CV, is also expected to contribute to the stable performance of TBA-TEVS-21.  The SEM 
images indicate that the extent of silicon pulverization was reduced by up to 90% and the particles 
remained interconnected even after 100 cycles. Taken together, the present results demonstrate 
that developing 3D interconnected binder with the ability to maintain a stable SEI is an effective 
strategy to minimize electrode disintegration and thereby achieve stable performance of LIBs. 
TBA-TEVS-21 is thus proposed as a promising binder for high performance, practical LIBs. 
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Chapter Ⅲ. An effective coupling of nanostructured Si and gel polymer 
electrolytes for high-performance lithium-ion battery anodes  
 
3.1 Introduction 
 
Lithium ion batteries (LIBs), owing to their high energy density and also well-tailored 
electrochemical properties, have garnered a great deal of attention as a compelling power 
source for a wide variety of mobile electronic devices1. Stimulated by the successful 
application to portable electronics including cellular phones and notebook computers, 
LIBs are now eager to pursue new application fields represented by electric vehicles (EVs) 
and grid-scale energy storage systems (ESSs)2-4. Unfortunately, their current technology 
level is not sufficient to fulfill the stringent requirements of the newly emerging application 
fields5,6. Among numerous material-based approaches to address this challenging issue, 
silicon has been the center of attention due to its exceptionally high theoretical capacity 
(3579 mAh g-1, based on Li15Si4 at room temperature)7 which is about one order of 
magnitude higher than that of commercially widespread graphite8. In addition, silicon is 
also characterized with other advantageous properties, including low cost, natural 
abundance, and relatively low lithiation voltage (~ 0.3 V)9. However, practical use of 
silicon as an anode material has been staggering due to its tremendously large volume 
expansion (~300%) during electrochemical lithiation-delithiation, eventually resulting in 
unwanted pulverization and disruption of electric/ionic conduction pathways10-12.  
Nanostructured silicon has drawn considerable attention as a promising way to resolve 
the aforementioned challenges of silicon anode materials. Benefiting from nano-scaled 
particle size (< 150 nm), the nano-silicon can accommodate the volume expansion-induced 
internal stress/strain13, thus enabling substantial improvement in electrochemical 
performance. A rich variety of silicon morphologies have been developed, including 
nanoparticle14, core-shell15, thin film16, nanowire17, nanotube18, nanosheet19 and three-
dimensional (3D) mesoporous/macroporous structure20,21. Core-shell structure consists of 
silicon core and inactive shell which can protect silicon surface from side reaction and/or 
increase electrical conductivity. Chan et al. reported that silicon nanowire can 
accommodate large strain without pulverization, providing good electronic contact and 
conduction channels, and displaying short lithium insertion distance17. Li et al. 
demonstrated that mesoporous sponge silicon, owing to its unique porous structure, can 
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significantly reduce the apparent volume expansion and thus prevent lithiation-induced 
pulverization20. Despite such remarkable advances mentioned above, commercial 
application of the nanostructured silicon materials reported to date still remains a 
formidable issue mainly due to synthesis complexity and processing cost.  
In addition, major performance concerns of silicon materials are believed to arise from 
interface issues with electrochemically-vigorous liquid electrolytes (generally composed 
of linear/cyclic alkyl carbonate mixtures and lithium salts). The liquid electrolytes have 
many advantageous attributes suitable for commercial lithium-ion batteries, however, they 
still have critical safety concerns related to volatility and flammability21-26 and also often 
give rise to interfacial side reactions with electrode materials27. Unfortunately, little 
attention has been paid to searching for alternative electrolytes that outperform the liquid 
electrolytes in the development of high-capacity silicon anodes.  
Herein, we synthesize a variety of silicon anode materials featuring well-
designed/precisely-controlled nanostructure (including mesoporous, micro-sized 
macroporous, two-dimensional (2D) sheet and urchin-like structure) and then combine 
them with chemically-crosslinked gel polymer electrolytes (GPEs) with an aim to pursue 
unprecedented synergistic coupling and its versatile applicability for high performance 
LIB anodes. Meanwhile, the GPE presented herein is in-situ synthesized through thermal 
crosslinking reaction in the presence of silicon materials inside a cell. A predetermined 
amount of ethoxylated trimethylopropane triacrylate (ETPTA) monomer which was 
chosen by considering the results of previous studies28,29 is added into liquid electrolyte. 
The ETPTA monomer/liquid electrolyte mixture is then injected into the cell and 
subsequently the ETPTA monomer undergoes thermal crosslinking reaction to produce 
ETPTA polymer networks in the liquid electrolyte, leading to the GPE in close contact 
with the silicon materials. All of the silicon/GPE systems show significant improvement 
in cycling performance over control systems containing the silicon/liquid electrolyte. 
Notably, the silicon/GPE system exhibits a specific capacity of over 2000 mAh g-1 after 
100 cycles, and also a half of volume change relative to the control system.   
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3.2 Experimental 
 
Synthesis of nanostructured silicon materials.  
Mesoporous silicon: 3D mesoporous silicon was synthesized via a metallothermic 
reduction reaction21. Firstly, silica foam was prepared according to the previous report30. 
4 g of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-
b-PEO, Pluronic P-123, Sigma-Aldrich) triblock copolymer was dissolved in 150 mL of 
1.6 M hydrochloric acid (HCl) solution at 35oC. Then, 1,3,5-trimethylbenzene (Mesitylene, 
Sigma-Aldrich) as a swelling agent was incorporated into the pre-prepared polymer 
solution, followed by the addition of 8.5 g of tetraethyl orthosilicate (TEOS, Sigma-
Aldrich) as a silica precursor. The resulting solution was vigorously stirred for 24 hours, 
and maintained at 80oC for additional 24 hours. Final solid products were filtered and dried 
at 60oC in a convection oven. In order to remove residual polymers in the final products, 
calcination process was conducted at 600oC for 5 hours in oxygen environment. 
Subsequently, the resulting silica foam reacted with Mg (Sigma-Aldrich) at 700oC for 3 
hours in argon-filled chamber. After the magnesiothermic reaction, MgO byproducts were 
completely removed by 1 M HCl solution at 35oC for 4 hours to obtain pure 3D 
mesoporous silicon.  
Micro-sized macroporous silicon: 1 g of silica with macroporous structure (Diatomite, 
EP Minerals) was uniformly mixed with 0.8 g of Mg powder together in a stainless steel 
vessel under argon environment. The furnace was heated up to 700 oC at a rate of 5 oC 
min-1 and kept at this temperature for 3 hours. Then, the final product was immersed in a 
1 M HCl solution at 35 oC for 4 hours to remove MgO byproducts. 
Silicon sheet: Silicon sheet was prepared by magnesiothermic reaction of a 
phyllosilicate which is one of the clay minerals. 2 g of illite (alumino-silicate, Samwoo 
Chemical) was mixed with 1.6 g of Mg powder in argon-substituted vessel. The container 
was heated in the alumina tube furnace at 700 oC for 3 hours. In order to selectively remove 
the by-products, the final products were leached in 1 M HCl solution at 35 oC for 4 hours. 
 
Fabrication of gel polymer electrolytes.  
ETPTA (Mw = 428, Sigma-Aldrich) was mixed with liquid electrolyte (1M LiPF6 in 
ethylene carbonate (EC)/diethyl carbonate (DEC), PANAX Starlyte) containing 10 wt.% 
of fluoroethylene carbonate (FEC) as an additive. The weight-based composition ratios of 
the ETPTA/liquid electrolyte were varied as 2/98, 3/97, 4/96 (w/w), wherein benzoyl 
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peroxide (BPO, 1.0 wt.% relative to the ETPTA content) was added as a radical initiator 
to allow thermal crosslinking reaction. The unit cells (2032-type coin) assembled with the 
silicon anodes and ETPTA monomer-containing liquid electrolytes were thermally cured 
at 60 oC for 30 min. 
 
Physicochemical/electrochemical characterization.  
Surface morphologies of as-prepared silica and silicon were characterized using a scanning 
electron microscopy (Cold FE-SEM S-4800, Hitachi). For transmission electron microscopy 
(TEM) measurement (JEM-1400), the silicon particles were dispersed in ethanol and transferred 
on a Cu grid. The crystalline structure of silicone materials was analyzed by X-ray diffraction 
(XRD) measurement using Cu Kα radiation from 10 to 90 two theta degrees. The thermal-
crosslinking reaction of the GPE was investigated using a FT-IR spectrometer (FT-3000, 
Excalibur) with a spectral resolution of 4 cm-1. The gel content of the GPE was estimated by 
measuring the weight loss of the samples after being solvent-extracted in dimethyl carbonate at 
70oC for 8 hours and subsequently in acetone at room temperature for 24 hours. The ionic 
conductivity (σ) of the GPE was obtained using an impedance analyzer (VSP classic, Bio-Logic) 
over a frequency range of 1 to 103 Hz under a temperature range 30 to 70oC. The cyclic 
voltammetry of cells was examined using a potentiostat at a scan rate of 0.1 mV s-1. The silicone 
anodes were fabricated by traditional slurry coating technique, wherein the composition ratio of 
the anodes was silicon active material (70 wt.%), Super-P as an electroconductive agent (15 wt.%) 
and poly(acrylic acid) (PAA)/sodium carboxymethyl cellulose (CMC) (= 1/1, 15 wt.%) as an 
anode binder. The electrochemical tests of half cells (= silicon anode/GPE/Li metal) were 
galvanostatically conducted from 0.01 and 1.2 V (versus Li/Li+) at 0.05 and 0.2 C-rates using 
WBCS 3000 battery system (Wonatech). 
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Scheme 3-1. Schematic illustration showing the synergistic coupling of various silicon anode 
materials (mesoporous, micro-sized macroporous, 2D sheet) and crosslinked ETPTA polymer-
mediated GPEs. 
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3.3 Results and discussion 
 
Micrometer-sized silicon anode materials are known to suffer from pulverization due to 
large volume expansion compared to nanostructured silicon ones13. In order to better 
understand advantageous effect of the silicon/GPE coupling and its versatile applicability, 
we prepared three different kinds of nanostructured silicon materials including 
mesoporous, micro-sized macroporous, 2D sheet (Scheme 1). 
 
Mesoporous silicon 
The mesoporous silica was synthesized by introducing silica precursors into self-
assembled triblock copolymer template. Notably, the swelling agent (here, mesitylene) 
plays an important role in controlling pore size31,32. The use of swelling agent is known to 
be an effective way to generate numerous nanopores, providing high surface area (686.17 
m2 g-1) (ESI, fig. S1). The dimension of as-prepared silica foam consisted of nanometer-
sized primary particles and micron-sized secondary particles (Fig. 1a and 1b). To make 
pure silica foam (starting material for magnesiothermic reaction), the triblock 
copolymer/silica mixtures were heated at 600 oC for 5 hours in O2 environment. 
Subsequently, the 3D mesoporous silicon was synthesized via magnesiothermic reduction 
reaction, SiO2 (s) + Mg (g) → Si (s) + MgO (s) 33. This chemical reduction is one of the 
simplest methods to make pure silicon. The MgO by-products were completely removed 
in HCl solution. The morphological characterization (Fig. 3-1c and 1d) of the resultant 
mesoporous silicon shows that primary silicon particles are aggregated due to the 
exothermal heat generated during the chemical reduction, compared to pristine silica foam. 
However, the overall size of secondary particles appears to be similar with that of the as-
prepared silica ones. Moreover, the nano-sized silicon particles are interconnected together, 
maintaining interstitial voids formed between the particles (Fig. 3-1d). The interstitial 
voids may contribute to accommodating volume change of silicon anode during the 
repeated lithiation and delithiation process34. The XRD pattern (Fig. 3-1e) of an 
intermediate sample obtained after the magnesiothermic reduction shows the characteristic 
peaks corresponding to the silicon and MgO byproducts. This result indicates that the 
subsequent leaching with HCl solution leads to the successful formation of pure silicon.  
Prior to combining the mesoporous silicon with the GPE, the physicochemical 
properties of the GPE were characterized. Increasing the ETPTA content in the GPEs 
exerted advantageous influence on the pulverization suppression and interfacial stability 
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with silicon anode materials, however, simultaneously caused the ionic conductivity loss. 
Taking into such a trade-off behavior of polymer content in the GPEs, the optimum content 
of polymer matrix was determined. Specifically, the GPE (containing 3 wt.% ETPTA) 
showed the best electrochemical performance, although its ionic conductivity was slightly 
lower than that of the GPE (with 2 wt.% ETPTA). First, the thermal-crosslinking reaction 
of the GPE was examined by observing the change in the FT-IR peaks assigned to acrylic 
C=C= bonds (1610-1625 cm-1) of the ETPTA monomer before/after thermal-curing35,36. 
Figure 3-2b shows that the characteristic FT-IR peaks of the acrylic C=C bonds in the GPE 
disappeared after the thermal curing. This result verifies the successful thermal-
polymerization of ETPTA monomer, which was further confirmed by measuring the gel 
content of the GPEs. The gel content (i.e. insoluble polymer fraction after solvent 
(dimethyl carbonate and acetone extraction) of the GPE was observed to be more than 
99 %, which demonstrates that the thermal-crosslinking reaction of the ETPTA monomer 
in the GPEs is almost completed. The mechanical flexibility of the GPE was shown in fig. 
3-2a and movie (ESI, movie S1). The GPEs featuring these unique physical properties are 
expected to act as a mechanical cushion which can alleviate the large volume change of 
silicon anode during the battery operation. 
The temperature-dependent ionic conductivity of the GPE is compared with that of the 
liquid electrolyte containing no ETPTA polymer. Both the GPE and the liquid electrolyte 
show excellent ionic conductivities over a wide range of temperature (fig. 3-2c). Notably, 
the ionic conductivity of the GPE (incorporating 2 wt.% ETPTA) appears to be similar to 
that of the liquid electrolyte, indicating that the presence of the ETPTA polymer does not 
exert harmful influence on ion transport in the GPE. Such good ionic conductivity of the 
GPE can be explained by the unique role of the ETPTA polymer network. Specifically, 
the ETPTA polymer may have strong interaction with lithium ions due to the presence of 
nine oxygen atoms of ETPTA molecule, possibly facilitating the dissociation of lithium 
salts36,37. In addition, the electrochemical stability window of the GPE was examined by 
analyzing the cyclic voltammetry (Fig. 3-2d). No significant decomposition of any 
components in the GPE takes place in the range of 0.01-1.2 V (vs. Li/Li+), ensuring that 
the GPE could be electrochemically combined with the silicon anode. 
The potential application of the GPE to the mesoporous silicon anode was explored in 
terms of cell performance. The first galvanostatic voltage profile was shown at 
discharge/charge current density of 0.05 C/0.05 C (Fig. 3-2e). It is of note that the GPE 
with 2 wt.% ETPTA presents the larger initial capacity than the liquid electrolyte. However, 
the GPE (2 wt.% ETPTA) showed a sharp decay in the capacity retention after 66th cycle. 
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In contrast, the GPEs containing the higher amount (3 and 4 wt.%) of ETPTA presented 
better cycling stability. In particular, the improvement in the cycling performance was 
remarkable at the GPE (3 wt.% ETPTA)(capacity retention for GPE is 92%, while the cell 
using liquid electrolyte showed 80 % of retention after 100 cycles).  The relatively 
inferior capacity retention of the GPE (4 wt.% ETPTA) may be ascribed to its lower ionic 
conductivity (Fig. 3-2c). This result exhibits that the GPEs, which are characterized with 
the superior elasticity over the liquid electrolyte (Fig. 3-2a), can act as an exceptional 
mechanical cushion to accommodate the volume change of silicon inevitably generated 
during the lithiation-delithiation reaction, demonstrating the unusual synergistic coupling 
of mesoporous silicon and GPE (3 wt.% ETPTA). 
Micro-sized, macroporous Si 
The micrometer-sized 3D macroporous silicon was synthesized via magnesiothermic 
reaction. Macroporous silica (Diatomite) is composed of 90% of silica, 5% of alumina, 1% 
of iron oxide and trace amounts of different kinds of oxides. According to the Ellingham 
diagram38, all of the oxides mentioned above can be converted to reduced species by 
magnesium vapor. When the molar ratio of silica to magnesium during the 
magnesiothermic reaction is higher than 1.25, excess Mg reacts with Si product or 
unreacted silica to generate additional Mg2Si or Mg2SiO4, respectively. The Mg2Si can be 
easily removed by HCl treatment39, however, the HCl is not a suitable etchant for Mg2SiO4. 
If the Mg2SiO4 byproducts, which are electrochemically inert with lithium ions, may not 
completely removed, the loss of specific capacity of the resultant micro-sized macroporous 
silicon is difficult to avoid. 
Diatomite has a unique shape which is a hollow cylinder (over 15 µm in height) with 
thick frame (<3 µm), and numerous narrow channels (several hundred nanometer in 
diameter), as shown in Fig. 3-3a. After the magnesiothermic reaction and subsequent HCl 
treatment, the micro-sized macroporous silicon and MgO byproducts were produced 
without any shape-deformation. The XRD pattern displays that the crystalline phases are 
exclusively assigned to pure silicon without any other impurities (ESI, fig. S2). The micro-
sized macroporous silicon particles have large numbers of pores which may alleviate the 
volume change of silicon (inset of fig. 3-3b). The voltage profiles at 1st cycle 
(discharge/charge current density = 0.05 C/0.05 C, an inset of fig. 3-3c) show no 
significant difference in the capacity between the GPE (3 wt.% ETPTA) and liquid 
electrolyte. However, as the cycle number was increased, the cell containing the GPE 
provided the substantial improvement in the cycling performance (capacity after 100 
cycles = 1191 mAh g-1, fig. 3-3c), while the cell with the liquid electrolyte showed the 
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sharp capacity decay (~ 800 mAh g-1). This result demonstrates the advantageous effect of 
the GPE on the long-term electrochemical performance of the micro-sized macroporous 
silicon anode. Moreover, the cell assembled with the GPE showed the excellent discharge 
rate capability (e.g., capacity retention at 5.0 C (vs. at 0.2 C) ~ 80%, fig. 3-3d). 
Silicon sheet 
The 2D silicon sheet was synthesized through magnesiothermic reaction of illite, one of the 
layered clay minerals. The chemical formula of illite is (K, H3O) (Al, Mg, Fe)2 (Si, Al)4O10 [(OH)2, 
(H2O)]. And, the composition ratio of illite is 47% of silica, 23.3% of alumina, 10% of iron oxide, 
6.7% of potassium oxide and so on40. It consists of thin single unit layers which are piled up to 
20 µm in height (fig. 3-4a). During the magnesiothermic reaction, the layers of illite are partially 
exfoliated and subsequently converted to 2D silicon sheet structure with thickness of 10 µm (fig. 
3-4b). The XRD patterns (fig. 3-4c) of the resulting 2D silicon sheets show the successful 
formation of pure silicon (that was synthesized from illite). The coupling effect of the silicon 
sheet and GPE on the electrochemical performance was investigated. 
The silicon sheet combined with the GPE (3 wt.% ETPTA) showed the higher initial 
capacity (= 1469 mAh g-1) than that with the liquid electrolyte (= 1137 mAh g-1) (inset of 
fig. 3-4d). This beneficial effect of the GPE over the liquid electrolyte could be attributed 
to physical tightening of the silicon sheets by the crosslinked elastic GPE, thereby allowing 
larger amount of silicon active materials to participate in the discharge/charge reaction. 
The 2D silicon sheet combined with the GPE also showed the stable cycling performance 
(capacity retention ~ 65 % after 150 cycles at 0.2 C/0.2 C, fig. 3-4d). Interestingly, when 
carbon-coated Si sheets anode (with carbon contents of 10 wt.%) was combined with GPE 
electrolytes, outstanding cycling retention (nearly capacity retention of 100% after 200 
cycles at 0.5 C rate) was shown compared to electrode combined with liquid electrolyte 
(fig. 3-4e). 
Volume change of silicon anodes before/after cycling 
To better understand the unique role of the GPE as a mechanical cushion that can 
alleviate the volume change-induced internal stress of silicon materials during the repeated 
cycling, the cross-sectional morphologies of silicon anodes before/after cycling test (100 
cycles) were analyzed (fig. 5). 
It is of note that the GPE, as compared to the liquid electrolyte, remarkably su
ppressed the volume expansion of the silicon anodes. Specifically, the volume exp
ansion (after 100 cycles) was found to be 131 % vs. 65 % (liquid electrolyte vs. 
GPE) for the mesoporous silicon anodes, 187 % vs. 134 % for the micro-sized 
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macroporous silicon, and 195 % vs. 101 % for the silicon sheet. This result dem
onstrates that the GPE effectively acts as a mechanical cushion to accommodate t
he volume change (leading to pulverization) of silicon and also preserve the elect
ronic/ionic conduction pathways, eventually providing significant improvement in t
he long-term cycling performance of the nanostructured silicon materials. 
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Figure 3-2. (a) SEM and (b) TEM images of silica form obtained by heat treatment at 600 C 
under air. An inset in the (b) shows the foam-like structure. (c) SEM and (d) TEM images of 
mesoporous silicon particles synthesized by magnesiothermic reaction of silica form. (e) XRD 
patterns of mesoporous silicon and MgO by-product after Mg reduction and HCl leaching process, 
respectively. 
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Figure 3-3. (a) Physical appearance of GPE as a function of the incorporated ETPTA content. (b) 
FT-IR spectra of acrylic C]C double bonds of ETPTA monomer before/after thermal-curing. (c) 
Temperature-dependent ionic conductivity of GPEs and liquid electrolyte. (d) Cyclic 
voltammograms of GPEs and liquid electrolyte. (e) Discharge/charge profiles of half cells 
assembled with mesoporous silicon anode and GPEs at 1st cycle and (f) cycling performance of 
half cells at discharge/charge current density of 0.2C/0.2C under voltage range of 0.01–1.2 V. 
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Figure 3-4. (a) SEM image of micro-sized macroporous diatomite. An inset shows the 
macrospores and smooth silica surface. (b) SEM image of micro-sized macroporous silicon 
synthesized via magnesiothermic reaction of diatomite. An inset is the XRD pattern indicating the 
formation of pure silicon particles. (c) Cycling performance of micro-sized macroporous silicon 
anodes combined with GPE (3 wt.% ETPTA) or liquid electrolyte. An inset shows the first cycle 
voltage profiles. (d) Charge rate capability of micro-sized macroporous silicon anode combined 
with GPE (3 wt.% ETPTA). 
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Figure 3-5. (a) SEM images of pristine illite showing sheet-like structure. (b) SEM image of 2D 
silicon sheets synthesized through magnesiothermic reduction of illite. (c) XRD patterns of illite 
and 2D silicon sheet. (d) Cycling performance of 2D silicon sheet combined with GPE or liquid 
electrolyte. An inset shows the discharge/charge voltage profiles at 1st cycle. (e) Cycling 
performance of carbon-coated 2D silicon sheets combined with two different electrolytes. 
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Figure 3-6. Cross-sectional SEM images showing the volume expansion of various silicon anodes 
(1st column: as-prepared anodes, 2nd column: anodes containing liquid electrolyte after 100 
cycles, 3rd column: anodes containing GPE after 100 cycles). SEM images of (a–c) mesoporous 
silicon, (d–f) micro-sized macroporous silicon, and (g–i) silicon sheet. 
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3.4 Conclusion 
 
We demonstrated the coupling effect of nanostructured silicon materials and GPEs for 
high-performance lithium-ion battery anodes. For all of the silicon anode systems, the GPE 
showed the significant improvement in the cycling retention, up to 60% higher in case of 
mesoporous silicon, than the liquid electrolyte. The chemically-crosslinked ETPTA-
mediated elastic GPE acted as a mechanical cushion which can alleviate the volume 
change of silicon anodes during the repeated cycling and stabilized the interface of silicon 
materials. More notably, the GPE enabled the remarkable suppression (1.5 or 2 times less) 
in volume expansion of the silicon anodes during the cycling. For more detail, 
electrochemical results of above cells was compiled in the table S1. We anticipate that this 
coupling strategy based on the nanostructured silicon and the chemically-crosslinked 
elastic GPE is effective and also versatile, which thereupon can be easily applicable to a 
vast variety of silicon anode materials suffering from electrochemical pulverization 
concerns.  
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Chapter Ⅳ. Effective strategies for improving the electrochemical 
properties of highly porous Si foam anodes in lithium-ion batteries 
 
4.1 Introduction 
 
Currently, rechargeable lithium-ion batteries (LIBs) are the dominant power sources for 
medical and portable electronic devices, such as laptop computers, mobile phones, camcorders, 
and radio frequency identification.1-3 Furthermore, the development of next-generation LIBs with 
high energy density and long cycle life is of great technological importance to be used in hybrid 
vehicles, plug-in hybrid vehicles, electric vehicles, and renewable energy storage system4-6. To 
meet the requirements of next-generation LIBs, the electrode materials must have high specific 
gravimetric/volumetric capacities, a high power density, and a long cycling life.4-6 
The increasing demand for high-performance LIBs has driven intense interest in developing 
significantly improved electrode materials. At present, various carbonaceous anode materials 
have been used in commercial LIBs, however, the low theoretical capacity (372 mAh g-1) cannot 
satisfy the demand of next-generation LIBs.7, 8 Among the available candidate materials 
exhibiting a high storage capacity, silicon (Si) is the most promising anode material owing to its 
high theoretical capacity (4200 mAh g-1, an order magnitude higher than that of graphite), 
relatively low working potential (<0.5 V vs. Li/Li+), natural abundance, and environmentally 
friendliness.9 Even though Si anode materials have many advantages mentioned above, it has a 
fatal weakness for the practical application in LIBs. The major drawback of Si anode is a large 
volume change (>300%) that occurs during lithiation and delithiation process. The repeated 
cycling can generate an enormous mechanical stress within the Si material, leading to severe 
cracking and pulverization of the electrode. Consequently, the Si electrode results in a significant 
capacity fading due to the electrical disconnection of the electrode from the current collector.10 
Other disadvantages of the Si anode are low intrinsic electrical conductivity and low lithium 
diffusion rate.11, 12 
In order to solve the problems related to Si anodes, great efforts have been devoted to mitigating 
the pulverization of Si and enhancing electrical conductivity of Si by developing several strategies, 
including nanostructuring (e.g., nanoparticles, nanowires, nanotubes, hollow spheres), porous 
structures, nanocomposites, coating of Si active materials with conductive materials (e.g., carbon, 
graphene, carbon nanotubes, metals, conducting polymers), application of electrolyte additive, 
and synthesis of new binders.13-20 
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Nanostructured Si have been used to reduce mechanical stress that occurs during cycling, 
resulting in accommodation of a large volume change of Si, which in turn significantly improved 
a long-term cyclability. It also provides other benefits, including short Li-ion diffusion length 
within the electrode and improved rate capability due to the large surface area, compared to 
micron-sized Si.21,22 However, nanostructured Si faces some challenges to be solved. Nano-sized 
Si with high surface area shows undesired side-reaction on the Si surface, thermal runaway, and 
low volumetric energy density, which are obstacles for practical LIB applications.21, 22 
To solve these critical issues, one of the best solutions is to combine micro- and nano-scale 
materials to capitalize on advantages and restrain drawbacks of the two components. Several 
examples have been reported including nanostructuring of micrometer-sized Si particles, 
dispersion of nano-sized Si in carbon matrix, self-assembly of nanoscale Si and carbon, template-
based chemical synthesis of porous Si, three-dimensionally (3D) interconnection of one-
dimensional Si structures.23-27 Among these approaches, porous Si structure has been proven to 
be highly efficient as follows: (i) void space of the pores accommodates a volume expansion to 
reduce the mechanical stress during cycling, resulting in attainment of a stable cycling and (ii) 
porous regions increase the accessibility of electrolyte and lithium ions to shorten lithium ion 
diffusion distance within the electrodes, leading to a high rate capability.28-31 
 For example, Kim et al. synthesized a 3D macroporous Si using silica (SiO2) particle template 
which exhibited a reversible specific capacity of 2800 mAh g-1 at 1 C rate with excellent cycling 
performance (capacity retention of 90% at 1 C rate after 100 cycles). However, the high-cost and 
low yield (~5%) synthetic process may hinder its large scale production.26 Recently, Jia et al. 
prepared a 3D mesoporous Si material with a lotus-like morphology using a magnesiothermic 
reduction method. Subsequent carbon-coated mesoporous Si composite showed a stable capacity 
of ~1500 mAh g-1 for 100 cycles at 1 C rate and a high rate capability up to 15 C rate. However, 
the existence of numerous mesopores may induce a serious side-reaction and may not effectively 
accommodate a large volume expansion during cycling.31 
 Herein, we demonstrate facile, inexpensive, and effective strategies to enhance the 
electrochemical performances of highly porous Si foam anode in lithium-ion batteries. Firstly, we 
synthesize a hierarchical Si foam structure via a magnesiothermic reduction of micrometer-sized 
SiO2 foam particles obtained by controlling calcination process. Secondly, we introduce a heat 
scavenging molten salt during the chemical reduction reaction to minimize exothermic heat, 
leading to a successful synthesis of shape-preserving Si foam particles. Thirdly, electrically 
conductive metal nanoparticles are introduced within Si foam particles, and subsequent chemical 
reduction process leads to a formation of metal-doped Si foam particles. The Si foam anodes 
65 
 
obtained by these strategies exhibit a high reversible capacity (>1500 mAh g-1) and a highly stable 
cycling retention (> 90% after 100 cycles at 0.2 C rate). 
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  4.2 Experimental 
 
Preparation of highly porous Silica foam 
Silica foam was prepared according to the previously reported method.32 Typically, 4 g of 
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-PEO) 
triblock copolymer (Pluronic P123, Sigma-Aldrich), a polymer template, was dissolved in 150 ml 
of 1.6 M HCl solution at 35 oC. 4 g of 1,3,5-trimethylbenzene (Mesitylene, Sigma-Aldrich), a 
swelling agent, was added into the solution containing the copolymer template. The mixed 
solution was then slowly added into 8.5 g of tetraethylorthosilicate (TEOS, Sigma-Aldrich), a 
silica precursor. The resulting solution was vigorously stirred for 24 h, and then it was maintained 
at 80 oC for 24 h. Finally, the solid product was filtered and dried at room temperature. As-
prepared silica/polymer product was divided into three alumina boat to be calcined to make 
hierarchical silica particles. To control the amount of residual carbon after calcination, we used 
three different calcination processes (first portion: no calcination, second portion: 600 oC for 2 h 
in ambient, and third portion: 600 oC for 5 h in oxygen environment). Subsequently, three different 
silica samples were reacted with Mg vapor via magnesiothermic reduction at 700 oC for 3 h in an 
argon-filled alumina vessel to make porous Si particles. 
 
Characterization of silica and Si foam particles 
Microstructure of as-synthesized silica foam and converted Si foam particles were investigated 
by a normal X-ray diffractometer (Bruker D8 Advance). The internal morphologies of the silica 
and the Si foam were analyzed by transmission electron microscopy (TEM, JEM-1400) at an 
acceleration voltage of 120 kV. For the TEM measurement, the silica and Si particles were 
dispersed in ethanol, then transferred on to a Formvar-coated copper grid.  The surface 
morphologies of the silica and Si foam were characterized by a scanning electron microscopy 
(Cold FE-SEM S-4800, Hitachi) operating at 10 kV without any metal coating process. The 
nitrogen adsorption and desorption isotherms were measured with a VELSORP-mini II (BEL 
Japan, Inc.) at 77 K in the relative pressure range of P/P0 from 0.05 to 0.3. It was fitted to the 
Brunauer-Emmett-Teller (BET) equation to determine the BET surface areas. 
 
Electrochemical properties of Si foam anodes 
The electrochemical properties of Si foam anode were tested by galvanostatic discharging 
(lithiation) and charging (delithiation) in coin-type half cells (2016 R-type). The cells that are 
made up of Si foam/poly(acrylic acid) (PAA, Aldrich) and sodium carboxymethyl cellulose 
(CMC, Aldrich)/acetylene black composites as working electrode, and lithium metal as the 
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counter electrode, were prepared in a glove box filed argon gas. The electrodes were composed 
of Si active material (70 wt.%), Super-P (10 wt.%), and a PAA/CMC (50/50, wt./wt.) binder (20 
wt.%). The resulting slurry was spread on a copper current collector and dried in a vacuum oven 
at 150 oC for 2 h. The electrolyte was composed of 1.3 M LiPF6 in a mixture of ethylene 
carbonate/diethyl carbonate (Panaxetec, EC/DEC, 30/70 vol.%) with an additive of 10 wt.% 
fluoroethylene carbonate (FEC). The loading mass of active materials is in the range of 1.2-1.5 
mg cm-2. All cells were cycled at a rate of 0.05-0.5 C in the range of 0.005-1.2 V. All the 
electrochemical measurements were carried out with a WBCS-3000 battery cycler (Wonatech Co.) 
at room temperature. 
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  4.3 Results and discussion 
 
Conversion of hierarchical SiO2 foam to Si foam 
Porous SiO2 particles have been synthesized from self-assembled block copolymer template 
and silica precursors.33-35 They have attracted much attention in numerous applications, like 
adsorption, separation, bio-sensing, catalysis, and Si source materials, owing to their unique 
porous structures.36-39 In particular, the porous structures with a high surface area make them well 
suitable for making porous Si particles via a metallothermic reduction process. 
In this study, we prepared sponge-like SiO2 particles with tens-of-nanometer pores and tens-
of-micrometer size using triblock copolymer as a structure-directing agent and trimethylbenzene 
as pore expander. When as-prepared SiO2 particles were reacted with Mg vapor at 700 oC (well 
above the melting temperature of Mg) for 3h, shape-preserving Si particles were obtained.  
 Figure 5-1a shows scanning electron microscopy (SEM) image of as-prepared SiO2 
particles. Hundreds-of-nanometer-sized primary SiO2 particles were aggregated to make 
micrometer-sized secondary SiO2 particles (the inset of figure 5-1a). Internal morphology 
of primary SiO2 particles was characterized by transmission electron microscopy (TEM). 
The primary SiO2 particles showed sponge-like structures consisting of a very thin SiO2 
frame and macro-pores (Figure 5-1d). The nitrogen adsorption isotherm of sponge-like 
SiO2 powder is shown in Figure 5-1c. Brunauer-Emmett-Teller (BET) surface area of the 
SiO2 particles was 686.17 m2 g-1, indicating a high specific surface area. 
 During the magnesiothermic reduction reaction, porous Si is formed via the solid-state 
redox reaction between SiO2 and Mg, SiO2(s) + 2Mg(g) → Si(s) + 2MgO(s).39 It is well-
known that MgO by-products can be removed easily with a concentrated HCl solution. 
After the chemical reduction of the SiO2 particles, SEM image of as-synthesized Si 
particles shows that primary Si particles are aggregated to make tens-of-micrometer-sized 
secondary particles (Figure 5-1b). The primary Si particles become bigger compared to 
original primary SiO2 particles (Inset of Figure 5-1b). It may be attributed to the 
aggregation of Si by an exothermic heat that occurs during the magnesiothermic reaction. 
However, the dimension of secondary Si particles is similar with that of the original SiO2 
particles. TEM image of primary Si particles shows that crystalline Si particles with 10-
20 nm feature size are connected each other with a void space and look like Si foam 
structures (Figure 5-1e). After the magnesiothermic reaction, a void space was 
significantly decreased. However, void regions uniformly distributed within the primary 
Si particles would be helpful to accommodate a large volume change of Si anode during 
lithiation and delithiation process. X-ray diffraction (XRD) patterns of as-synthesized Si 
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particles indicate that a highly crystalline Si was successfully obtained from chemical 
reduction of SiO2 particle (Figure 5-1f).  
Prior to electrochemical tests of Si foam particles, we synthesized three different Si particles 
by changing calcination process of copolymer-containing porous SiO2 particles. Three samples 
are no calcination, calcination in ambient air, and calcination in oxygen, respectively. All three 
samples are sponge-like structures regardless of calcination condition, as shown in TEM images 
(ESI, Figure S1a-S1c). However, BET surface areas of three SiO2 particles are totally different 
due to the residual polymer after calcination (ESI, Figure S1d-S1e). These three SiO2 particles 
were converted to Si particles via a magnesiothermic reaction at the same condition. Subsequently, 
as-synthesized Si particles were carbon-coated with carbon contents of 8 wt.% using thermal 
decomposition of acetylene gas at 900 oC for 10 min, since pristine Si particles exhibit intrinsically 
low electrical conductivity. Raman spectrum of the carbon-coated Si particles shows two peaks 
at ~1360 and ~1580 cm-1 corresponding to the disordered band (D band) and the graphene band 
(G band), respectively. The ratio of the D band to the G band was estimated to be 2.21, indicating 
an amorphous carbon structure.23 Intense Raman scattering peaks of pristine Si without carbon 
layers appear at ~520 cm-1 indicating crystalline Si structure, as manifested by above XRD 
patterns (ESI, Figure S2). Furthermore, we characterized surface area and pore volume of three 
carbon-coated Si foam particles (no calcination-Si (ncSi), air-calcined-Si (acSi), and oxygen-
calcined-Si (ocSi)) (ESI, Figure S3 and S4). 
Figure 5-2a shows the first cycle galvanostatic discharge (lithiation)-charge (delithiation) 
curves for three carbon-coated Si foam samples at 0.05 C rate in the range of 0.005-1.2 V. The 
ncSi shows an initial discharge capacity of 1510 mAh g-1 and charge capacity of 740 mAh g-1, 
corresponding to a very low initial coulombic efficiency of 49%. It may be attributed to the 
formation of SiC layer that can be produced by additional heat generation during the 
magnesiothermic reduction.40,41 Crystalline SiC was formed via chemical reduction of SiO2 as Si 
source and copolymer surfactant as carbon source as the following reaction: SiO2(s) + C(s) + 
2Mg(g) → SiC(s) + 2MgO(s).40,41 We confirmed the formation of SiC layers in case of ncSi 
particles by XRD (ESI, Figure S5). Insulating SiC layers formed at the Si surface act as side 
reaction in the electrochemical cells as Lipson et al. reported previously.42 In contrast, acSi and 
ocSi without SiC layers showed an initial discharge (charge) capacities of 2560 (1820) and 2915 
(2290) mAh g-1, respectively, with a significant increase of initial coulombic efficiency. In case 
of acSi sample, even though there is no detection of carbon in the energy-dispersive X-ray 
spectroscopy (EDS) characterization after calcination, initial coulombic efficiency of the acSi 
anode was slightly decreased, compared to the ocSi anode. 
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However, the cycling performances of three porous Si anodes show the opposite tendency 
(Figure 5-2b). The ocSi, acSi, and ncSi anodes showed charge capacities of 50, 1500, and 850 
mAh g-1 after 100 cycles at 0.2 C rate (discharge-charge), respectively, corresponding to the 
capacity retention of 2%, 96%, and 100%. In particular, excellent cycling performances of the 
acSi electrodes may be explained as follows: (i) a negligible amount of carbon layers in the porous 
Si formed during the chemical reduction acts as a buffer layer to a large volume change during 
the cell operation, (ii) carbon-coated Si foam structure also decrease mechanical stress that occurs 
during the lithiation and delithiation process. 
We further investigated volume expansion of ncSi, acSi, and ocSi electrodes after 1st and 100th 
cycle lithiation. After cycling, the electrodes were carefully disassembled in a glove box. 
Subsequently, before and after cycling, the thicknesses of three electrodes were measured by 
cross-sectional SEM (Figure 5-3). The ncSi, acSi, and ocSi electrodes showed a low volume 
expansion of 10%, 31%, and 33%, respectively, after 1th cycle lithiation. However, after 100th 
cycle lithiation, the ncSi, acSi, and ocSi electrodes showed volume expansion of 120%, 175%, 
and 212%, respectively. From these results, we suggest that residual carbon layers during 
calcination process of porous SiO2 particles may affect the cycling retention and the volume 
expansion of final Si foam electrodes.  
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Figure 4-1. Top: schematic illustration showing the synthetic process of SiO2 foam and shape-
preserving Si. Bottom: (a) low-magnified SEM image (inset: high-magnified SEM) and (d) TEM 
image of SiO2 foam prepared by a block copolymer template. (b) Low-magnified SEM image 
(inset: high-magnified SEM) and (e) TEM image of Si foam prepared by the magnesiothermic 
reaction of SiO2. (c) BET plot of the SiO2 foam shows a typical mesoporous structure. (f) XRD 
pattern of as-synthesized Si foam clearly shows the crystalline structure. 
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Figure 4-2. Electrochemical tests of carbon-coated Si foam particles (ncSi, acSi, and ocSi) 
prepared by three different calcination processes. (a) First cycle voltage profiles of three samples 
obtained at 0.05 C rate between 0.005 and 1.2 V. (b) Cycle performances of three Si foam 
electrodes at 0.2 C (discharge–charge) rate were tested to 100 cycles. 
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Figure 4-3. Cross-sectional SEM images showing the volume expansion of three Si electrodes 
(a–c: as-prepared, d–f: after 1st cycle lithiation, and g–i: after 100th cycle lithiation). Electrode 
thicknesses of ncSi (a: before, d: 1st cycle, and g: 100th cycle), acSi (b: before, e: 1st cycle, and 
f: 100th cycle), and ocSi (c: before, f: 1st cycle, and i: 100th cycle). The ncSi, acSi, and ocSi 
electrodes showed a volume expansion of 120%, 175%, and 212%, respectively, after 100 cycles. 
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Effect of heat scavenger on the morphology of Si particles 
In general, magnesiothermic reduction reaction between Mg and SiO2 generates massive heat, 
resulting in collapses the architecture of SiO2 particles and agglomeration of as-synthesized Si 
particles. Won et al. reported that the exothermic temperature measured in the magnesiothermic 
reduction could reach a very high temperature, 1720 oC.43 When the magnesiothermic reaction 
was carried out in solid phase diluted with alkali metal halides (e.g., NaCl, MgCl2, CaCl2, etc.), 
molten salts can consume the generated heat.44, 45 
We employed NaCl as a heat scavenger to retain the original SiO2 foam structure after the 
chemical reduction. The oxygen-calcined SiO2/NaCl mixture and Mg powder (SiO2:Mg:NaCl = 
1:0.8:1 in mass) were homogeneously mixed together in an argon-filled glovebox. Subsequently, 
the mixture was heated in a tube furnace at 700 oC for 3 h under argon environment. After the 
reaction, NaCl salt was washed several times by water and MgO by-products salts were 
completely removed from 1M HCl. Figure 4a and 4b show TEM images of Si particles 
synthesized without and with NaCl salts, respectively. As expected, Si particles with void spaces 
were obtained in the presence of NaCl, while Si obtained in the absence of NaCl was seriously 
agglomerated. After both Si particles were coated with carbon contents of 8 wt.%, they were 
cycled at 0.2 C rate (discharge-charge) between 0.005 and 1.2 V. Porous Si electrodes (with NaCl) 
exhibited a high reversible capacity of 2350 mAh g-1 after 100 cycles, corresponding to the 
capacity retention of 87.4% compared to initial capacity. In contrast, Si electrodes (without NaCl) 
showed a significant capacity decaying (capacity retention of 2.5% after 100 cycles). Similarly, 
volume expansion of porous Si electrodes (with NaCl) was significantly decreased after 100 
cycles, compared to the Si electrodes (without NaCl) (ESI, Figure S6). These results suggested 
that magnesiothermic reduction in the presence of molten salts reduces exothermic heat, resulting 
in preservation of original SiO2 structure and a significant improvement of electrochemical 
properties of Si electrodes. 
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Figure 4-4. TEM images of Si foam obtained by the magnesiothermic reaction (a) without NaCl 
and (b) with NaCl. (c) Cycle performances of Si foam electrodes with NaCl (red, solid dot) and 
without NaCl (black, solid square) were tested at 0.2 C (discharge–charge) until 100 cycles. 
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Synthesis of metal-loaded Si foam 
Another effective strategy to improve electrochemical properties of Si foam anode is to 
introduce metal nanoparticles within Si foam, since one of the critical problems related to Si-
based particles is their low intrinsic electrical conductivity. We employed well-known silver (Ag) 
mirror reaction to coat Ag nanoparticles on the surface of oxygen-calcined SiO2 foam particles.46 
A one-pot chemical reduction of Ag precursor in the presence of n-butylamine led to a formation 
of Ag-loaded SiO2 foam particles at room temperature. Typically, 0.25 g of oxygen-calcined SiO2 
foam particles was dispersed into 20 mL of ethanol at 35 oC in a propylene vessel, and 
subsequently, 50 mM of AgNO3 and 50 mM of n-butylamine were simultaneously added to the 
solution and kept stirring for 10 min. 
 Figure 5-5a clearly shows that Ag nanoparticles with diameters of 5-10 nm were uniformly 
distributed into SiO2 foam particles without a serious aggregation. Subsequent magnesiothermic 
reduction of Ag-loaded SiO2 and Mg vapor led to a successful formation of Ag-doped Si particles. 
During the chemical reduction process, a significant aggregation of Ag nanoparticles within Si 
foam was seen due to the exothermic heat. However, the bigger Ag particles were still dispersed 
well into the Si foam particles (Figure 5-5b). XRD patterns of the Ag-loaded Si particles indicate 
that crystalline Ag and Si particles are clearly detected (Figure 5-5c). Moreover, Ag contents of 
2 wt.% were confirmed through the EDS analysis. The Ag-doped Si foam electrodes were tested 
by galvanostatic discharging and charging at a rate of 0.05-0.2 C in the range of 0.005-1.2 V. The 
first discharge and charge capacities are 2580 and 2085 mAh g-1, respectively, corresponding to 
the initial coulombic efficiency of 80.8% (Figure 5-5d). The increasing coulombic efficiency is 
attributed to the enhancement of electrical conductivity owing to the Ag doping. Subsequent 
cycling performances were tested at 0.2 C (discharge-charge) rate. After 50 cycles, a high 
reversible capacity of 1220 mAh g-1 was exhibited with a high coulombic efficiency per cycle 
(>99.5% after 5 cycles). To further investigate the superior electrochemical property of the Ag-
doped Si electrodes, electrochemical impedance spectroscopy (EIS) was conducted. The Nyquist 
impedance plots are obtained after 50th cycle for Ag-doped ncSi and ncSi sample (ESI, Figure 
S7). The charge-transfer resistance (Rct = 5.71 ohm) of the Ag-doped ncSi electrode is smaller 
than those of ncSi electrode (Rct = 57.92 ohm) at a rate of 0.2 C. This result indicates that the Ag-
doped ncSi electrode is more suitable for the Li+ diffusion. 
 Moreover, we extended this idea to Cu-doped Si foam particles. Cu-doped Si foam particles 
were successfully synthesized and their electrochemical performances including a high reversible 
capacity (2000 mAh g-1 at 0.05 C rate) and a good capacity retention (84.2% after 50 cycles at 0.2 
C rate) were exhibited (ESI, Figure S8). 
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Figure 4-5. TEM images of (a) Ag-loaded SiO2 foam and (b) Ag-doped Si particles. (c) XRD 
patterns of the Ag-doped Si particles show that Ag and Si are crystalline structures. (d) First cycle 
voltage profile of the Ag-doped Si anode was obtained at 0.05 C rate between 0.005 and 1.2 V. (e) 
Cycling retention of the Ag-doped Si was obtained at 0.2 C rate (discharge–charge) until 50 cycles. 
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  4.4 Conclusion 
 
We demonstrated three effective strategies for enhancing the electrochemical performances of 
highly porous Si anode prepared by a magnesiothermic reduction reaction. The first strategy was 
a conversion of hierarchical SiO2 to Si with preserving the original SiO2 porous structure. By 
controlling calcination process, amount of residual carbon sources in as-prepared porous SiO2 
was controlled by tuning the calcination process. Subsequent Si particles obtained by 
magnesiothermic reaction showed different electrochemical performances. The second way was 
to introduce heat scavenging molten salt during magnesiothermic reduction to minimize 
exothermic heat. It led to a successful synthesis of shape-preserving Si foam particles after the 
chemical reduction, resulting in a significant improvement of cycling retention. The third strategy 
is to introduce metal nanoparticles within Si foam particles during the chemical reduction reaction. 
Electrically conductive Ag and Cu nanoparticles were uniformly dispersed in Si foam, leading to 
the significant improvements of initial coulombic efficiency and cycle retention of metal-doped 
Si anodes. These strategies can be extended not only Si particles but also other particles for 
improving electrochemical performances for practical rechargeable battery applications. 
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Chapter Ⅴ. Mesoporous Silicon Hollow Nanocubes Derived from 
Metal−Organic Framework Template for Advanced Lithium-Ion 
Battery Anode  
 
5.1 Introduction 
 
To satisfy the ever-growing demand for technological applications including electric vehicles 
and renewable power stations, intensive academic and industrial efforts have been devoted to 
developing clean, renewable, and sustainable energy solutions.1,2 Among various approaches to 
develop energy solutions, rechargeable lithium-ion batteries (LIBs) are one of the most important 
energy storage devices because of their impressive energy density, long cycling stability, 
discharge–charge rate capability, and low cost.3-5 In particular, Si-based anodes have been 
considered promising candidates because of their abundant natural resources and electrochemical 
properties, such as their low Li-uptake voltage (~0.5 V vs. Li/Li+) and exceptionally higher 
theoretical capacity (3579 mAhg−1 in the form of Li15Si4) than commercial graphite (372 mAhg−1 
in the form of LiC6).6,7 However, the full utilization of Si-based anodes is limited by the low 
diffusivity for Li ions, low intrinsic electronic conductivity, and poor structural stability caused 
by their dramatic volume change (>300%) during lithiation–delithiation.8 As a result, micrometer-
size Si anodes exhibit serious capacity fading.1,9-11 Hence, nanostructuring strategies for Si have 
attracted considerable attention to improve the structural stability and electrochemical 
performance of Si-based anode materials. Recently, there have been important findings related to 
nanostructured Si materials such as Si nanowires,4,11 nanotubes,9,12 nanosheets,13,14 and hollow15-
17 and porous structures.18-20 
The metal-organic frameworks (MOFs), constructed by bridging metal ions with organic 
linkers to form three-dimensional (3D) crystalline networks, are a key to synthesizing 3D hollow 
morphologies with complex configurations.21,22 Recently, the application of MOFs in LIBs has 
been reported to improve the performances of anode materials by relaxing the volume expansion 
of active Si.23-25 Nevertheless, the control of morphology and porosity for MOF template-based 
materials is still underdeveloped. As a simple process, the use of removable or sacrificial 
templates is an effective route to form hollow-type morphologies.26,27 Such a design offers 
attractive features to synthesize the resulting materials. First, the MOFs with metal ion and organic 
linkers are coordinately saturated, which is caused by uniform distribution as individual templates 
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with controllable size and morphology.21 Second, the MOF templated core-shell composites 
generate a hollow nanostructure after the etching of MOFs. More importantly, the designated 
crystallographic planes of MOFs can control the deposition of ionic or molecular species without 
altering the initial shape.28 Among the classic examples of MOFs, the zeolitic imidazolate 
framework with coordination bonding of metal-nitrogen (i.e., ZIF-8) is employed as an ideal 
template because of its exceptional chemical and thermal stability.29 In addition, the exterior 
surface of ZIF-8 is hydrophilic due to N−H functional groups, which uniformly adhere to the 
precursor on the ZIF-8 surface and generate hydrolyzed oligomers as solution-based chemical 
reaction.30 
Herein, we demonstrate the synthesis of m-Si HCs via magnesiothermic reduction reaction 
(MRR) of silica-coated ZIF-8. The MRR is a facile route for preparing porous Si structures along 
with MgO by-products.31 In this system, silica-coated ZIF-8 is converted into mesoporous silicon-
coated ZnO/MgO during the MRR. Subsequently, the by-products are removed by acid treatment. 
The MOF is used as a sacrificial template to create inner void spaces in the final product. The 
resulting m-Si HCs have several advantages: i) the architecture with the mesoporous external shell 
and internal void (~60 nm) can effectively accommodate a large volume expansion,15,32 ii) the thin 
Si shell (thickness of ~15 nm) can significantly reduce the electronic and ionic diffusion pathways 
between electrolytes and Li ions,15 iii) the high porosity of Si shell can facilitate the electrolyte 
penetration during electrochemical test,33 iv) the cube-shaped architecture enhances the m-Si 
HC/electrolyte contact area because of the accessible exposed active plane,34 which enhances the 
diffusion efficiency.  
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5.2 Experimental 
 
Materials  
Zinc nitrate hexahydrate (≥99%), 2-Methylimidazole (HMIM, 99%) and silicon dioxide 
nanopowder (10-20 nm, 99.5%) were purchased from Sigma-Aldrich. (1-
Hexadecyl)trimethylammonium bromide (CTAB, 98%) and Tetraethyl orthosilicate (98%) were 
purchased from Alfa Aesar. All the chemicals were of analytical grade and used without further 
purification. 
Synthesis of ZIF-8 NC  
0.72 g of Zn(NO3)2·6H2O was dispersed in 72.0 mL of deionized water, followed by adding 
1.20 mL of 0.10 M CTAB aqueous solution. After stirring for 10 min at room temperature, 120.0 
mL of 1.096 M HMIM solution was added and stirred for another 10 min. Then, the mixture was 
transferred to 300 mL Teflon-line autoclave and heated in an electric oven at 120 °C for 6 h. 
Finally, the precipitate was centrifuged at 8000 rpm for 10 min and washed with methanol three 
times, and dried at 80 °C overnight. 
Synthesis of ZIF-8@SiO2  
ZIF-8 NC can be used as template for SiO2 shell coating. 1.0 g of the as-prepared ZIF-8 NC 
was dispersed in a solution containing 400 mL of ethanol, 660 mL of deionized water and 5 g of 
HMIM. The solution was then sonicated for 30 min, followed by adding 3.04 g of CTAB and 
stirred for another 30 min. Then, 8 mL of TEOS was added into this solution dropwise within 3 
min. The solution was vigorously stirred for 2 h. Finally, the precipitate was centrifuged at 8000 
rpm for 10 min and washed with methanol three times, and dried at 80 °C overnight. The 5 nm 
ZIF-8@SiO2 was synthesized by adding 4 mL of TEOS and then stirring for 1 h. The 50 nm ZIF-
8@SiO2 was synthesized by adding 16 mL of TEOS and then stirring for 4 h.  
Synthesis of ZnO@SiO2 HC  
ZIF-8@SiO2 sample was heated at 600 °C for 6 h with a ramping rate of 5 °C/min by flowing 
the air atmosphere. 
Synthesis of Si HC, m-Si HC and reference Si  
Different weight ratios between sample and magnesium are used for Mg reduction; Si HC, m-
Si HC and reference Si (Si nanoparticles, 10–20 nm in diameter) were heated at 650 °C for 3 h 
under argon atmosphere with different weight of Mg (weight ratios of Mg to sample = 0.4:1, 0.8:1 
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and 0.8:1, respectively). Then, these samples were leached with 1.0 M HCl for 1h to remove the 
MgO, followed by washing with ethanol and DI water, and drying at 80 °C overnight. The 
reference Si showed mesoporous structure after MRR. Finally, carbon coating was carried out 
with high purity acetylene (C2H2) gas at a flow rate of 500 mL/min for 5 min at 900 °C.  
Characterization  
The surface morphologies were analyzed by field-emission scanning electron microscopy (FE-
SEM, Nova 230, FEI). The morphological investigations were carried out with high resolution 
transmission electron microscopy (HRTEM) and scanning transmission electron microscopy 
(STEM) with an acceleration voltage of 200 kV, and EDX scan was used to characterize the 
elements of samples (JEM-2100F, JEOL). The crystallographic information was determined 
through high-power X-ray diffractometer (MAX 2500V, Rigaku, Cu Kα radiation λ = 1.54059 Å) 
with scanning angle 2θ ranging from 10° to 80°. Surface analysis of samples were investigated 
by X-ray photoelectron spectroscopy (K-alpha, ThermoFisher) with a beam of 
monochromated aluminum X-ray source. Surface areas of samples were determined using N2 
adsorption-desorption isotherms at 77 K (ASAP 2020, Micromeritics Instrument) with Brunauer-
Emmett-Teller (BET) method. Prior to the BET measurements, the samples were degassed at 
100 °C for overnight in vacuum. Raman spectroscopy was carried out on a Confocal Raman 
(alpha 300R, WITec) with a laser wavelength of 532 nm. The chemical compositions were 
determined by ICP-MS (Perkin Elmer, ELAN DRC-II) and EA (Flash 2000, ThermoFisher)  
Electrochemical test  
The galvanostatic measurement of all samples were tested using a 2032-coin cell. Lithium 
metal was used as counter and reference electrode, while working electrode was composed of 70 
wt.% of active materials, 15 wt.% of Poly(acrylic acid)/sodium carboxymethyl cellulose (CMC) 
(1/1 in weight) and 15 wt.% of super-P, representing 1.0 mg cm–2 of loading density. The 
electrochemical performances for electrodes at various loading levels are shown in Figure S23. 
For the full cell test, anode was prepared with natural graphite/m-Si HC (90:10 in weight fraction) 
and consisted of active material, styrene butadiene rubber/CMC, super-P at the weight ratio of 
95.8:1.7:1.5:1, while cathode (areal density = 2.9 mA h cm–2) was prepared with commercialized 
LiCoO2 (92wt.%), polyvinylidene fluoride binder (3 wt.%) and super-P (5 wt.%). N/P ratio of 
~1.1 was designed. The mixed slurry was coated on copper current collector for anode and 
aluminum current collector for cathode, dried at 80 oC for 20 min, and further dried in vacuum at 
150 oC for 2 h. 1.3 M LiPF6 in ethylene carbonate and diethyl carbonate (EC/DEC, 3/7, in volume) 
with 10 wt.% of fluoroethylene carbonate (FEC) was used as liquid electrolyte. 20-µm-thick 
polyethylene separator was employed. Every coin cell was tested using a WBCS-3000 battery 
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cycler at room temperature. The operation voltage is between 0.005 to 1.5 V for the first cycle at 
a 0.05 C-rate and between 0.01 to 1.2 V for the rest in half cell, while full cell analysis was carried 
out in the voltage windows from 2.5 to 4.2 V. Electrochemical impedance spectroscopy (EIS) was 
carried out in the range of 100 kHz to 0.1 Hz with an amplitude of 10 mV using an Iviumstat 
(Ivium Technologies). 
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5.3 Results and discussion 
 
The major synthetic routes to prepare the m-Si HC material are presented in Figures 6-1a and 
S1. First, ZIF-8 nanocubes (denoted as ZIF-8 NC, with an average diameter of ~60 nm) have 6 
(100) facets through the coordinate bonding between metal ions and imidazole molecules (N–M–
N, where M is Zn2+, Co2+, etc. and N is a nitrogen atom), as shown in Figure 6-1b.35 The SiO2 
shell is directly coated on the surface of ZIF-8 NC (denoted as ZIF-8@SiO2 with the thickness of 
the SiO2 shell being ~15 nm) by hydrolyzing tetraethyl orthosilicate (TEOS) as a Si precursor 
under an alkaline solution containing water, ethanol, and imidazole molecules (Figure 6-1c). The 
pH values of 10.2 should be attained to maintain the ZIF-8 NC structure and form the silica shell.36 
Subsequently, ZIF-8@SiO2 is treated by pyrolysis to remove the remaining surfactants and 
organic species of TEOS, during which ZnO is formed inside the silica shell under air condition. 
Note that the architecture of armored ZnO can be efficiently protected during thermal and 
chemical treatments (Figure 6-1d, denoted as ZnO@SiO2 HC). The SiO2 shell in the ZnO@SiO2 
HC is converted to metallic Si via the MRR at 650°C in an inert atmosphere.37 However, different 
weight ratios between the sample and magnesium are considered for MRR:ZnO@SiO2 HC and 
Mg with weight ratios of 1:0.4 and 1:0.8. As a result, the Si hollow nanocubes (Figure 6-1e, 
denoted as Si HCs) after MRR with a weight ratio of 1:0.4 are well preserved because of the 
limited reaction with less heat generation, which results in the formation of unreacted silica and 
magnesium silicate (MgxSiOy).38 In addition, the mesoporous Si hollow nanocubes (Figure 6-1f, 
denoted as m-Si HCs) after Mg reduction with a weight ratio of 1:0.8 generate mesoporous Si 
because of the relatively complete conversion. The compositional line profiles of all the samples 
were obtained using transmission electron microscopy (TEM) coupled with energy-dispersive X-
ray spectroscopy (Figure S2). The additional information for Si HC and m-Si HC morphologies 
towards high-resolution transmission electron microscopy (HRTEM), scanning transmission 
electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDX), and fast Fourier 
transform (FFT) are shown in Figure S3-S7 with more detailed information. 
To further characterize the crystallographic information of the ZIF-8 NC, ZIF-8@SiO2, 
ZnO@SiO2 HC, Si HC, and m-Si HC samples, X-ray diffraction (XRD) patterns were obtained 
(Figure 6-2a). The XRD patterns for ZIF-8 NC are in good agreement with previous reports.35,36 
The ZIF-8@SiO2 patterns show no obvious change because of the amorphous characteristic of 
SiO2. After annealing the ZIF-8@SiO2, all the peaks of ZIF-8 NC disappeared, whereas broad 
peaks attributed to amorphous SiO2 and ZnO were formed (labeled ♠, JCPDS #36-1451). It can 
be concluded that the carbon species of ZIF-8 NC after heat treatment under air condition were 
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degraded and the Zn ions were transformed to ZnO inside the SiO2 shell. The main diffraction 
peaks of the Si HC and m-Si HC samples at 28.4°, 47.3°, 56.1°, 69.1°, and 76.3° are attributed to 
the (111), (220), (311), (400), and (331) lattice planes of crystalline Si, respectively (labeled ♦, 
JCPDS #05-0565). However, the extra peaks for the Si HC sample are indicative of the formation 
of MgxSiOy, resulting from the incomplete reduction (labeled ♣, JCPDS #34-0189).  To clarify 
the differences in the binding characteristics of Si HC and m-Si HC, X-ray photoelectron 
spectroscopy (XPS) was employed. The peaks of Zn 2p and C 1s in Figures S3 and S4 almost 
disappeared after thermal and chemical treatments. The binding energies at Si 2p were 
deconvoluted into individual peaks at 95.5, 100.5, 101.2, 102.2, and 103.5 eV, corresponding to 
crystalline Si0, Si+, Si2+, Si3+, and Si4+, respectively (Figure 6-2b).39 Si4+ is attributed to the 
formation of SiO2, whereas the residual peaks of Si+, Si2+, and Si3+ may indicate by-products such 
as MgxSiOy and SiOx, which may result in inferior battery performance.40,41 In addition, the 
binding energy in the O 1s region appeared at 532.3 eV, which is mainly attributed to SiO2 (Figure 
6-2c). However, an additional peak for Si HC at approximately 530 eV indicates the presence of 
MgxSiOy and SiOx.42 For comparison, these materials were also analyzed using Raman 
spectroscopy (Figure 6-2d). Peaks are observed in the Raman spectra of ZIF-8 and ZIF-8@SiO2 
at 678, 1142, 1161, 1455, and 1488 cm−1, which correspond to the vibrational modes of the 2-
methylimidazole organic ligand.43 The ZnO@SiO2 showed no obvious peaks because amorphous 
peaks are overscattered under the same condition. The m-Si HC showed a main sharp peak 
centered at 520 cm−1 and two minor peaks centered at 295 and 950 cm−1 which was assigned to 
crystalline Si.44 However, the Si HC showed a main broad peak centered at approximately 500 
cm−1 corresponding to the amorphous Si feature.45 Furthermore, Brunauer–Emmett–Teller (BET) 
analysis was performed to measure the surface area and pore size distribution of anode materials. 
The adsorption is denoted by filled square symbol, while desorption by hollow square symbol 
(Figure 6-2e). The BET surface areas of ZIF-8 NC, ZIF-8@SiO2, ZnO@SiO2 HC, m-Si HC, Si 
HC, and reference Si are 1701.78, 889.21, 619.02, 93.68, 39.22 and 43.01 m2 g‒1, respectively. 
The obvious sharp peaks for m-Si HC and reference Si at high relative pressure (P/P0 > 0.9) 
indicate the existence of mesopores. The pore size distribution plot for m-Si HC shows that sharp 
peak of around 3 nm and broad peaks ranging from 5 nm to 60 nm are observed (Figure 6-2f). 
The XPS, pore size distribution and chemical composition for the resulting anode materials are 
discussed in more details (Supporting Information, Figures S8–S12 and Table S1). 
The electrochemical properties of the m-Si HC, Si HC, and reference Si anodes were evaluated 
using discharge–charge galvanostatic measurements in the voltage range of 0.005–1.5 V (Figure 
6-3). The Si HC, m-Si HC, and reference Si were coated with amorphous carbon by thermal 
decomposition of acetylene gas, and their characterizations are presented in Figures S13–S15. In 
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addition, we investigated the effect of SiO2 shell thickness on the electrochemical properties of 
the resulting m-Si HC. Among 5, 15, and 50 nm-thick SiO2 shells, the 15 nm-thick sample showed 
an optimum condition for the electrochemical performance. Morphological and electrochemical 
characterization of each sample was shown in Figure S16. As observed in Figure 6-3a, the 
optimized m-Si HC exhibited first discharge and charge capacities as high as 1728 and 2159 
mAhg−1, respectively, for a current rate of 0.05 C (1 C = 2.0 A g−1). The initial Coulombic 
efficiency (ICE) was 80.1%, which is attributed to the irreversible reaction and formation of a 
solid-electrolyte interphase (SEI) along the surfaces. The Si HC and reference Si exhibited first 
discharge capacities of 948 mAhg−1 (81.6% of ICE) and 1885 mAhg−1 (80.9% of ICE), 
respectively. Although the reference Si exhibited a higher initial capacity than the m-Si HC anode, 
the capacity of the reference Si decayed with increasing cycles, resulting from aggregation of Si 
particles and/or pulverization of the electrode (Figure 6-3b). In contrast, the m-Si HC and Si HC 
anodes achieved capacities of 1208 mAhg−1 (capacity retention of 73.1%) and 908 mAhg−1 
(capacity retention of 85.7%) over 300 cycles, respectively. These samples containing the residual 
silica and MgxSiOy exhibited better cycling stability, which was attributed to the physical support 
acting as a mechanical buffer of internal stress induced by volumetric expansion of lithiated Si46,47 
and the passivation layer produced by the side reaction during the discharge–charge steps, 
although these features may cause the specific capacity. In particular, the suitable presence of 
residual silica and MgxSiOy for m-Si HC was considered to be an optimum condition for long-
term cycle life. Moreover, the m-Si HC exhibited excellent rate capabilities even at high current 
densities (Figure 6-3c). The discharge capacities of the m-Si HC anode were 1471, 1433, 1369, 
and 1050 mAhg−1 at 1, 5, 10, and 15 C-rates, respectively. When the C-rate returned from 15 to 
0.2, the discharge capacity was 1541 mAhg−1, recovering completely from the initial capacity of 
1501 mAhg−1 (capacity retention of nearly 100%). This finding demonstrates that the high kinetic 
property is attributed to the morphology of m-Si HC because Li ions migrate through the short 
pathway in the mesoporous thin Si shell.48 Cycle voltammetry and tap density data for anode 
materials are shown in Figure S17, S18, and Table S2. 
To further confirm the other electrochemical properties, electrochemical impedance 
spectroscopy (EIS) was used to analyze the first and 300-cycled electrodes (Figure 6-3d). The 
resistivity of the reference Si increased from approximately 10 Ω in the first cycle to over 400 Ω 
in the final cycle, whereas that of m-Si HC remained at approximately 180 Ω even for 300 cycles. 
The increase of resistivity can explain the capacity decay because the semi-circles in this 
frequency region are correlated to SEI-layer-related resistivity.49 The continuously cracked Si 
causes substantial decomposition of the electrolyte, which leads to thick and unstable SEI layers 
and capacity fading.50 Thus, the m-Si HC exhibited better cycle retention and rate capability than 
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the reference Si. Furthermore, the m-Si HC anode exhibited outstanding cycle stability of 850 
mAhg−1 even at a 1C/1C-rate (charge/discharge) over 800 cycles with a high Coulombic 
efficiency per cycle of 99.8% (Figure 6-3e). The outstanding performance is attributed to the fine 
Si structure containing mesoporous hollow Si with large inner void space, which shortens the Li-
ion diffusion length and simultaneously alleviates the internal stress generated from lithiated Si. 
Additionally, the m-Si HC was evaluated with a full cell, where the m-Si HC/natural graphite 
anode (10 wt.%/90 wt.%, designed capacity of 550 mAhg−1) was coupled with a commercial 
LiCoO2 (LCO) cathode (Figure 6-4a). The cell had an initial areal density of 2.58 mAhcm−2 with 
an ICE of 88.7% at a 0.05 C-rate. The reversible capacities steadily decreased up to approximately 
73% of the initial reversible capacity after 100 cycles. The initial voltage profiles of the LCO 
cathode and graphite/m-Si HC are presented in Figure S19. The Coulombic efficiency during the 
repeated cycle is an important feature to estimate the full-cell performance.51.,52 This parameter 
reached 99.5% within 14 cycles in this test and never decreased below 99.5% (Figure 6-4b).  
To better understand the electrochemical properties, SEM cross-sectional examination was 
performed before and after 300 cycles (Figure 5). After 300 cycles, the electrode thickness 
variation of m-Si HC (volume expansion of ~47%, Figures 6-5a and b) was less than half the 
value of the reference Si (volume expansion of ~107%, Figures 6-5c and d). Top-view SEM 
analysis also revealed a clear difference between the m-Si HC and reference Si (Figure S20). After 
300 cycles, the m-Si HC exhibited low volume expansion, and the shape of each nanoparticle was 
maintained with the help of the void spaces. In contrast, the entire surface of the reference Si 
electrode was agglomerated and covered with a thick SEI layer. These results emphasize the two 
main features of m-Si HC: the mesoporous structure and mechanical buffer layer. First, the 
porosity of the surface can accommodate expansion of Si during the lithiation process. Second, 
the inactive layer combined with active particles acts as a physical support to protect Si that is 
vulnerable to fracture.53 The Nyquist plots and TEM images of reference Si, Si HC, and m-Si HC 
at the full lithiation state are shown in Figure S21 and S22.  
From the core-level XPS spectra of C 1s, the lithium carbonate peaks for 290.0 eV are 
electrochemically undesirable for the anode; however, the intensities of the peaks for m-Si HC 
(Figure 6-6a) and reference Si (Figure 6-6c) are very low. More importantly, the LiF peak intensity 
at 684.7 eV for the m-Si HC (Figure 6-6b) is approximately three times larger than that for the 
reference Si (Figure 6-6d), which can stabilize the SEI layer of the Si surface.54 These results 
indicate that the m-Si HC exhibits outstanding electrochemical properties, including long-term 
cycling stability and excellent rate capabilities. 
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Figure 5-1. (a) SEM images illustrating synthetic routes of m-Si HC: (i) Deposition of SiO2 shell 
coating on ZIF-8 NC, (ii) heat treatment for calcination, (iii) magnesiothermic reduction, and (iv) 
etching with 1 M HCl. The illustrations in the inset of (a) depict the cubic morphology of ZIF-8 
NC, SiO2 HC with inner ZnO, and mesoporous Si-HC. HRTEM images of (b) ZIF-8 nanocube 
(ZIF-8 NC), (c) ZIF-8@SiO2, (d) ZnO@SiO2 hollow nanocube (ZnO@SiO2 HC), (e) Si hollow 
nanocube (Si HC) after Mg reduction (weight ratio of sample to Mg = 1:0.4), and (f) mesoporous 
Si hollow nanocube (m-Si HC) after Mg reduction (weight ratio of sample to Mg = 1:0.8). 
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Figure 5-2. (a) XRD patterns of ZIF-8 NC, ZIF-8@SiO2, ZnO@SiO2 HC, Si HC, and m-Si HC. 
Core-level XPS spectra of (b) Si 2p and (c) O 1s for Si HC and m-Si HC. (d) Raman spectra. (e) 
The BET surface area calculated from nitrogen (77K) adsorption−desorption isotherms, denoted 
by solid/hollow square symbols, and (f) their corresponding pore size distribution of m-Si HC. 
 
 
 
 
 
 
94 
 
 
 
 
 
 
 
 
 
Figure 5-3. Electrochemical properties of m-Si HC, Si HC, and reference Si anodes. (a) First 
discharge−charge profiles at 0.05 C-rate. (b) Cycle retention test at 0.2 C-rate. (c) Rate capability 
at different delithiation rates (fixed lithiation rate: 0.2 C). (d) Nyquist plot of reference Si and m-
Si HC after 1 and 300 cycles. (e) Long-term cycle retention of m-Si HC at 1C/1C-rate. 
 
 
 
 
 
 
 
95 
 
 
 
 
 
 
 
 
 
Figure 5-4. (a) Voltage profiles of full cell with LCO cathode and graphite/m-Si HC blending 
anode. (b) Coulombic efficiency of full cell determined from (a). 
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Figure 5-5. Cross-sectional SEM images of (a) m-Si HC before cycling, (b) m-Si HC after 300 
cycles, (c) reference Si before cycling, and (d) reference Si after 300 cycles. 
 
 
 
 
 
 
97 
 
 
 
 
 
 
 
 
Figure 6-6. Core-level XPS spectra of m-Si HC for (a) C 1s before (bottom) and after (top) 
cycling and (b) F 1s before (bottom) and after (top) cycling. Core-level XPS spectra of reference 
Si for (c) C 1s before (bottom) and after (top) cycling and (d) F 1s before (bottom) and after (top) 
cycling. 
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 5.4 Conclusion 
 
In summary, we have developed a core–shell approach to synthesize mesoporous Si HCs 
derived from MOFs (ZIF-8). The 3D crystalline network of MOFs is an effective route to 
synthesize hollow Si materials because of its removable or sacrificial templates. This architecture 
was well preserved as the initial cube shape after various synthetic steps, including silica coating 
and chemical reduction. Each cell of well-designed m-Si HC was obtained having an internal void 
(~60 nm) and an external mesoporous shell (~15 nm) which is able to effectively accommodate 
the Si volume variations and form a stable SEI layer. Therefore, the resulting m-Si HC anode 
exhibited attractive electrochemical properties in LIBs, such as an excellent rate capability of 
1050 mAhg−1 at 15 C-rate, reversible capacity of 1728 mAhg−1 at the first cycle, and long cycle 
stability of 850 mAhg−1 after 800 cycles. Moreover, the full cell (m-Si HC & graphite/LiCoO2, 
2.9 mAhcm−2) exhibited good cycle retention of 72% after 100 cycles at a 0.2 C-rate. 
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Chapter Ⅵ. Mechanical mismatch-driven structural deformation in 
Si/C nanosheet for rechargeable Li-ion battery 
 
6.1 Introduction 
 
Developing a high capacity electrode material for lithium-ion batteries (LIBs) has been a major 
concern owing to growing demands for electric vehicles (EVs) 1-4. Previous studies have shown 
that structure modification in nanoscale, beneficial interface control, and introduction of external 
support on typical lithium alloying materials (i.e. Si, Ge, Sn, etc.) significantly improved the cycle 
stability and suppress the volume variation of electrodes 5-8. Si, which delivers the highest 
gravimetric capacity of 3579 mAh g-1 at room temperature, has been extensively explored in their 
Li+ storage properties by controlling the size and dimensions (0D, 1D, 2D, and 3D) where it 
becomes smaller under 150 nm of fracture point during lithiation and delithiation 9, 10. Those 
nanostructured Si materials, including spherical particles, wires, films, tubes, and porous 
structures, facilitate stress relief and shorten the ionic/electric path 11-15. Despite significantly 
enhanced performances such as cycle life and fast charging ability, there still remained dissatisfied 
factors to fully realize the commercialization of Si-based anodes with high-energy-density. For 
example, nano-scaled 0D Si has inevitably a low tap density that is an important factor of a full-
cell design 16. 1D Si materials are not suitable for mass production due to unveiled feasible 
approach with high production cost. Since 3D Si with multiple types of pores has high surface 
area, it consumes excess amounts of electrolyte which forms thick and irregular solid-electrolyte 
interphase (SEI), leading to a huge irreversible capacity loss 17-19. Compared to other dimensions, 
2D Si materials have been rarely investigated both in their synthesis, electrochemical behaviors 
upon Li+ uptake, deformation mode, and stress distributions 20. 
In this work, we prepared 2D Si using a chemical vapor deposition (CVD) process on a 
sacrificing inorganic template which can be re-used via recyclable process. After thin silicon 
layers are conformally coated on a relatively large inorganic substance, 2D Si is synthesized by 
etching out the template. For structural definition of 2D Si, the design of Si sheet is aimed at the 
nano-sized thickness and micron-sized lateral length. Thin sheet structure is electrochemically 
desirable under the critical point of a breakable Si size, then it also provides the short Li-ion 
diffusion length, enabling high rate capability 21. In addition, the spacious horizontal dimension 
without pores can be accommodated the high tap density of anode material, then it also has little 
surface area to volume ratio, resulting in high initial coulombic efficiency (ICE). Typically, carbon 
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coating layer on the Si surface improved the electrochemical properties, However, few studies 
have parallelly conducted the fundamental-experimental approach related to chemo-
electrochemo-mechanical properties between Si and carbon 22. Beyond the improvement of 
electrochemical performance, this article deals with phenomena caused by the mechanical 
mismatch of carbon-coated Si through the in-situ transmission electron microscopy (TEM) and 
computational study. It will lead to an important consequence for the intensive analysis of 
substances and phenomena that have been studied less in-depth so far. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
106 
 
6.2 Experimental 
 
Preparation of NaCl.  
Commercial NaCl (SAMCHUN chemical, 99.0%) has a dimension of 1 x 1 x 1 mm3. In order 
to downsize as the NaCl template which is suitable for battery active material, 20 µm of NaCl 
was prepared using a precipitation method. 200 mL of EtOH was rapidly introduced in 100 mL 
of saturated NaCl-deionized (DI) water solution with vigorous stirring for a second to promote 
the recrystallization of NaCl, then the solution turned opaque due to the precipitation of white 
NaCl crystals. Subsequently, NaCl was filtered and dried in vacuum 35, 36. 
Preparation of 2D Si.  
Silane gas with six nine (99.9999%) purity was thermally decomposed in a rotary furnace 
which contains NaCl as a template. The fixed variables are the decomposition temperature of 
silane (550oC), flow rate of silane gas (50 sccm), and amount of template (50 g), while the reaction 
time was controlled with 10 min, 15 min, 20 min and 90 min to obtain Si with thickness of 50 nm, 
100 nm, 150 nm and 380 nm on NaCl 33. After pyrolysis of silane, NaCl was selectively removed 
by intense stirring in DI water and subsequently 2D Si with each thickness was obtained after 
filtration and drying step. The resulting 2D Si sheet was uniformly coated by amorphous carbon 
by decomposition of acetylene gas (C2H2) at 900 oC for 5 min. 
Recycle of NaCl.  
NaCl is continuously reusable through the consecutive recrystallization of NaCl. After the 
template-removal step from Si-coated NaCl, the NaCl solution passed through the filter paper. 
Double volume of EtOH compared to the passed solution was added into the NaCl solution. Then, 
the NaCl crystals with identical size was precipitated within seconds. The weight percent of 
solidified NaCl crystal was about 27.7 wt.%, while the amount of unprecipitated NaCl, which still 
remains in solution, was about 71.3 wt.% in average. About 99.0 wt.% of template can be recycled 
every time, resulting in just 1% of loss. 
Material characterization.  
Microstructural evolution was investigated using scanning electron microscopy (SEM, Verios 
460, FEI), transmission electron microscopy (JEM-2100F, JEOL), Raman (NRS-3000, JASCO 
spectrometer), XRD (Bruker D8-Advance) and Brunauer-Emmett-Teller analysis (BET, 
ASAP2020, Micromeritics Instruments). 
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Electrochemical characterization.  
Electrochemical test was evaluated using 2032 coin-type cell. 2D Si-contained electrode was 
composed of 80 wt.% 2D Si as an active material, 10 wt.% binder ((poly(acrylic acid)/sodium 
carboxymethyl cellulose, PAA/CMC, 50 wt.%/50 wt.%, Sigma-Aldrich)) and 10 wt.% super-P 
(TIMCAL). The loading levels of series of 2D Si was about 1.1 mg cm-2. The operating voltage 
window of 2D Si was from 0.005 and 1.5V at a 0.05-20 C-rate. Commercial LCO (L&F material) 
was used as a cathode active material and its electrode composition was 95:2:3 in weight (LCO : 
polyvinylidene fluoride (PVdF) : super-P) with 19.8 mg cm-2 of loading level. Graphite/2D Si 
blending electrode consisted of graphite, 50 nm 2D Si, styrene butadiene rubber (SBR), CMC and 
super-P (86.2 : 9.6 : 1.5 : 1.7 : 1, in weight) with 5.6 mg cm-2 of loading level. All electrodes were 
dried in vacuum at 110 oC overnight after slurry-spreading on current collector, Cu and Al foil for 
anode and cathode, respectively. The ethylene carbonate/diethyl carbonate (PANAX starlyte, 3/7 
in volume) with 10 wt.% of fluoroethylene carbonate was used as an electrolyte. The full-cell 
design was about 1.1 of N/P ratio and was operated in the voltage range between 2.5 and 4.2V. 
All type of cells carried out using a cycle tester (WBCS3000 battery systems, Wonatech). 
In situ EIS.  
A set of multiple impedance spectra were measured every 30 min by the galvanostatic EIS at a 
constant current mode (0.1C) during lithiation/delithiation, since the potantiostat of in situ EIS 
system consisted of two different channels: one was for measuring impedance spectra, the other 
was for recording voltage profiles. Input signals were generated by the superposition of sinusoidal 
current waves of 10mA amplitude at 200 kHz to 1 Hz (VSP-300, BioLogic). 
In-situ TEM measurements.  
In-situ TEM measurements were carried out with a Nanofactory TEM-STM holder inside a 
Titan 80-300 scanning/transmission electron microscope (S/TEM). One probe consisted of 2DSi 
samples which were drop-cast onto a gold wire as a working electrode, and the other probe was a 
tungsten probe with a piece of Li metal attached to the tip as a counter electrode. The probes were 
affixed to the TEM holder in an Ar-filled glovebox and transported to the TEM in an airtight 
container, where the holder was then removed and inserted into the TEM. A native Li2O layer 
formed by a short exposure (3-5s) of Li to air functions as a solid-state electrolyte 10, 37. Inside the 
TEM, a piezo-positioner is used to move the Li/Li2O electrode into contact with the 2DSi samples. 
After contact, a bias of −3.0 V was applied to initiate lithiation. Once lithiation was completed, a 
bias of 3 V was applied for delithiation. In order to drive the Li+ ions through the solid electrolytes, 
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applied potentials are larger than those used in real Li-Si cell. However, this is common for in situ 
TEM studies; for example, in situ lithiation of Si requires the application of −2.0 V vs Li electrode, 
whereas the lithiation window in Li−Si half cells is 0 to +2.0 V vs Li/Li2O. This difference does 
not appear to change the behavior of the material 37, 38. 
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6.3 Results and discussion 
 
Synthesis and characterization of 2D Si 
Schematic illustration in Fig. 1d shows the large-scale synthetic process of 2D Si using cost-
effective recyclable inorganic templates. The starting material was a table salt (sodium chloride, 
NaCl) as an inorganic template (Fig. 1a). Subsequently, silane (SiH4) gas was thermally 
decomposed at 550 oC, generating the uniform Si-coated NaCl (NaCl@Si, Fig. 1b,c) without any 
deformation of template. Then, NaCl was easily removed in deionized water (DI water) after 
vigorous stirring and the final 2D Si products are obtained by filtration 23. As shown in Fig. 1e, f, 
and g, plane 2D Si is synthesized in a large scale. Depending on the size of template used, lateral 
length of 2D Si can be controllable for suitable range of active materials (<20 μm). Therefore, 
NaCl with various sizes were prepared through recrystallization method from micron to 
millimeter scale (Supplementary Fig. 1). In a typical procedure, ethanol non-solvent initiates 
recrystallization of saturated aqueous NaCl solution to precipitate NaCl in a target dimension. 
Furthermore, other inorganic templates can be substituted for NaCl such as KCl, Li2SO4 and 
Na2CO3 (Supplementary Fig. 2). They should be durable at the decomposition temperature of 
silane without any deformation and has both high water-solubility and insoluble in EtOH or 
acetone. After the synthesis of 2D Si, NaCl can be reusable by recrystallization of the unfiltered 
NaCl solution with only 1% of loss (Supplementary Fig. 3). 
As-synthesized 2D Si has a flat film morphology (thickness in nanometer and length/width in 
micrometer) with negligible pores (Fig. 1h) and amorphous structure. The size of 2D Si is 
intentionally tunable via synthetic conditions such as decomposition time and temperature of 
silane, quantity of template, and dimension of template. For comparison, 50 nm, 100 nm, 150 nm, 
380 nm-thick 2D Si were prepared with control of silane decomposition time (Supplementary Fig. 
4). Surface area of each 2D Si material is varied ranging from 2.42 m2/g (380 nm) to 10.79 m2/g 
(50 nm 2D Si) as a function of thickness of 2D Si. It shows relatively lower value compared to 
that of 50 nm-sized Si particles (16.95 m2/g). Micro-scaled lateral dimension of 2D Si contributes 
to the low surface-to-volume ratio unlike other nanomaterials. It is clearly confirmed that as-
synthesized 2D Si is amorphous phase, while it shows phase transition into polycrystalline after 
carbon coating (2D Si@C) at 750 oC and 900 oC (Supplementary Fig. 6) as confirmed by X-ray 
diffraction (XRD, Fig. 1j) and Raman spectra (Fig. 1k). The temperature-induced peak shift in 
Raman spectrum occurs from 493 cm-1 to 516 cm-1 which is a fingerprint range of pure Si to 
determine their phase and typical crystal planes of Si powder are developed after thermal 
annealing as shown in XRD results 24. It is further corroborated by selected area electron 
diffraction (SAED) patterns in TEM analysis, manifesting typical amorphous and polycrystalline 
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Si ring patterns before and after carbon coating process (Fig. 1g and Supplementary Fig.3) 25, 26. 
Additionally, Fig. 1i shows the photographs of samples obtained at each synthetic sequence. This 
proposed design demonstrates that 2D Si materials can be produced in a scalable way, which 
utilizes recyclable salt templating and chemical decomposition. 
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Figure 6-1. The schematic illustration of the synthetic process and characterization of each step. 
(a) SEM images of recrystallized NaCl by EtOH (inset: high-magnification) (b) Energy dispersive 
spectrometry (EDS) analysis and (c) SEM image of 50nm-thick Si-coated NaCl (d) Pie chart of 
NaCl recycle efficiency in average. (e) High, (f) low-magnification SEM image, (g) TEM image 
(inset: electron diffraction), (h) N2 adsorption-desorption isotherms (inset: BJH pore size 
distribution), (j) XRD pattern and (k) Raman spectra of 50nm-thick 2D Si. 
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Electrochemical performance of 2D Si 
The series of galvanostatic test for 2D Si anodes were conducted with the thickness variation 
of 2D Si such as 50 nm, 100 nm, 150 nm and 380 nm (Fig. 2 and Supplementary Fig. 7). 380 nm-
thick 2D Si achieved 2331 mAh g-1 of discharge capacity, corresponding to 46.3% of low ICE 
due to excessive threshold of a tolerable Si dimension on lithiation. On the contrary, 50 nm-thick 
2D Si showed 2411 mAh g-1 of specific capacity and 90.0% of ICE in the first cycle owing to an 
electroactive thin sheet. 100 nm-thick 2D Si delivered the 2256 mAh g-1 and 92.3% in discharge 
capacity and ICE, respectively. Most of 2D Si anodes delivered over 90.0% of ICE, which records 
the highest value of ICE among previously reported other 2D Si anodes 27-31. As expected, 
thickness-dependent electrochemical properties are revealed in the following cycles. The thinner 
the 2D Si (50 nm) is, the more superior capacity retention (85% after 200 cycles at 0.5 C-rate) 
and rate capability (91% at 10 C-rate and 75% at even 20 C-rate) is over other control samples. 
These outstanding performances are ascribed to well-designed dimensional approach. The thinner 
dimension of 2D Si in vertical direction accelerates a fast diffusion of Li+ and simultaneously 
spacious extension in lateral direction leads to low surface-to-volume ratio which can suppress a 
large amount of side reactions. That is why thin and spacious layer can accommodate both high 
ICE value and high rate capability, despite a large degree of lithiation. 
The above lithium storage properties are well matched with in-situ galvanostatic 
electrochemical impedance spectroscopy (EIS) results as shown in Fig. 2d 31, 32. A conventional 
potentiostatic EIS cannot reflect the time-variant overall process between electrolyte and 
electrode during lithiation/delithiation, while a galvanostatic measurement of in situ EIS can 
define the rate-dependent kinetics of electrode by applying the sinusoidal current signal. Typical 
‘w’ pattern implicitly indicates that the lithiation of Si is obviously shown as a function of state -
of-charge (SOC). During an initial stage of SOC, the resistance gradually decreased due to the 
formation of crystalline lithiated Si (LixSi) that enhanced charge transfer kinetics consequently. 
On the other hand, when Si is fully charged with Li+, it increases the resistance of a cell, because 
the fully charged lithium silicide (Li15Si4) surface obstructs additional diffusion of Li+ inside. 50 
nm-thick 2D Si shows 85% of SOC after 200 cycles and under 50Ω, while thicker 2D Si have 
less SOC (<60%) at same cycle number and higher resistance. It implies that 50 nm-thick 2D Si 
maintains better electric contact during repeated cycles. Interestingly, 50 nm-thick Si presents a 
stable long-term cycle life even at harsh conditions (1C-rate/1C-rate for lithiation/delithiation), in 
which the reversible capacity remains over 1070 mAh g-1 and 744 mAh g-1 after 500 and 1000 
cycles, respectively. 
Moreover, the CE of each cycle gradually increases and records the average coulombic 
efficiency of 99.76% over 1000 cycles, which implies that severe issues originated from 
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expansion of Si anodes does not occur such as electrolyte depletion and pulverization of active 
material from current collector. Such a stable capacity retention is also demonstrated by 
monitoring the change in electrode thickness through ex situ analysis. Fig. 2f and Supplementary 
Fig. S11 show the expansion ratio of electrode as a function of cycle number. The lithiation-
induced swelling of 50 nm-thick 2D Si has only 49.3% after 100 cycles, whereas 100 nm-thick 
2D Si shows 68.3%. It is critical mission to achieve cyclability and rate capability with high initial 
reversibility at the same time in conventional nanostructured Si anodes, which take great priority 
for full cell design 33. Thus, our 2D Si anodes look quite suitable for full cell implementation. As 
a demonstration, the full cell comprising commercial LiCoO2 (LCO) as a cathode and graphite/2D 
Si (600 mAh g-1 level, 10wt.% of 2D Si) blending anode was fabricated by coupling with 2D Si 
with highest ICE (Supplementary Fig. 12). To be in line with commercial electrode, blending 
systems are selected for precise comparison, since major companies still does not construct pure 
Si anodes for practical approach. The designed full cell exhibits the 3.16 mAh cm-2 of areal 
capacity with 89.94% of ICE at a 0.1C-rate in the operating voltage between 2.5 and 4.2V (Fig. 
2g and Supplementary Fig. 13). Remarkably, it delivered over 2.0 mAh cm-2 of areal discharge 
capacity after 100 cycles at a 0.5C-rate. Its coulombic efficiency of each cycle was recorded in 
Fig. 2h and reached to 99.5% which is generally known as industrial standard to evaluate the full 
cell within the first 20 cycles. 
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Figure 6-2. electrochemical performance of 2D Si. (a) the results of formation cycle for 2D Si. 
(b) cycle retention at a rate of 0.2C. (c) rate capability test operated from 0.2C to 20C. (d) 
Polarization resistance profiles of 2D Si during 10th and 200th lithiation. (e) long-term cyclability 
test at 1C/1C for charge/discharge. (f) Changes in thickness of electrode as a function of cycle. 
(g) series of voltage profile at a 0.2C for full-cell assembled the combination of LCO and 
graphite/2D Si blending. (h) An enlargement of full-cell coulombic efficiency with the red dash 
line at 99.5%.  
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Lithiation/delithiation behavior of 2D Si  
Apart from macroscopic analysis, it does matter how single particle deforms upon 
lithiation/delithiation and expect that the resulting structures are incorporated in composite 
electrodes 34. To the best of our knowledge, 2D Si materials have not been unveiled through in-
situ TEM analysis to consider the above questions and gain fundamental understandings. We 
construct an electrochemical circuit of 50 nm-thick 2D Si as a working electrode (mounted on Pt) 
and Li/Li2O as a solid electrolyte/counter electrode (mounted on W) similar to previous studies 
(Fig. 3a). During the first lithiation of polycrystalline 2D Si (Fig. 3d), it showed rather anisotropic 
changes in lateral and vertical ways (Fig. 3e). The lateral dimension of fully lithiated 2D Si 
expanded only 9.7%, which suggests that change in their thickness would be much larger, 
considering the formation of Li15Si4 phase in electron diffraction pattern (inset of Fig. 3d). 
Afterwards, delithiation starts from near edges of 2D Si to Li/Li2O. As Li+ is extracted from the 
lithiated 2D Si, evident wrinkles were formed on 2D Si and this unusual buckling caused the 
detachment of particle from the mounting electrode at the final stage of delithiation. 
During the lithiation, decided by the atomic structure, the polycrystalline Si undergoes isotropic 
expansion in atomic scale 39, which is ~155% in each orthotropic direction (~370% in volume). 
However, since the volume change of the carbon upon lithiation can almost be ignored compared 
to that of Si, the carbon coatings strongly constrain the expansion of the 2D Si in the plane upon 
lithiation, resulting the lateral dimension of fully lithiated 2D Si expanded only 9.7%, as 
mentioned above. Therefore, unlike most nanostructures of Si which undergo degradation and 
pulverization upon lithiation, the coated 2D Si are compressed, which restrains the crack 
propagation and make the materials very hard to fracture during the charging process, as shown 
in Fig. 3i. This also explains the little lower specific capacity of coated 2D Si compared to the 
bare one, as in Fig. S10, because the strain energy caused by the compression rises up the chemical 
potential and restrain the diffusion of lithium ions 40. 
With the tremendous difference of elastic modulus between the carbon coating and the LixSi, it 
is very easy for the compressed lithiated Si to reach the yield strength (𝜎𝜎𝑌𝑌 = 1GPa ) and 
consequently to flow plastically to the thickness direction. This plastic flow in thickness combined 
with the in-plane compression contributes to the “anisotropic expansion” overall of the 2D Si 
upon lithiation, which is that the ~370% volume expansion almost goes to the thickness direction 
rather than in plane, as mentioned above. 
However, since the overall “anisotropic expansion” changes nothing with the atomic structure 
of lithiated Si and consequently its isotropy, then upon delithiation, the LixSi still shrinks ~155% 
in each orthotropic direction. Recalling that the in-plane expansion upon lithiation is only ~110%, 
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this means the delithiated 2D Si is smaller in plane than its original configuration. Since the carbon 
coating is nearly unchanged during the lithiated/delithiated cycles, this mismatch deformation 
between the 2D Si and its coating results in the tension in the former but compression in the latter.  
For a thin film, like the carbon coating, a compression condition is unstable, which means it is 
very easy for it to reach the critical strength, then buckle, and therefore release the strain energy 
of the whole system. The buckling forms wavy structures on the surfaces. These wrinkles reduce 
the compression in the coating layer, and also the tension in the delithiated Si, which makes the 
latter in a safer mode. 
Theoretically, if we ignore the influence of the kinetic process and plastic flow on the strain 
energy and consider the wrinkle pattern in a 1D sinusoidal case, as shown in Fig. 3g, then the 
deflection is 𝑤𝑤 = 𝐴𝐴cos(𝑘𝑘𝑥𝑥1), where 𝐴𝐴 is the amplitude and 𝑘𝑘 is the wave number. When the 
compressed membrane force exceeds the critical value, �𝑁𝑁10� > ℎ𝐸𝐸�𝑓𝑓, the strain energy of the 
whole system release to 𝑈𝑈 = 𝑈𝑈0 − 12 ℎ𝐸𝐸���𝑁𝑁10�/(ℎ𝐸𝐸�) − 𝑓𝑓�2, where 𝑈𝑈0 is the strain energy in the 
unbuckled state, 𝐸𝐸� relates to the Young’s modulus and Poisson’s ratio of the carbon coating.41 
Here 𝑓𝑓 is a function of the wave number, 𝑘𝑘, and also relates to the geometry and mechanical 
properties of both the carbon coating and LixSi. 
To further validate the mechanism above, we set up chemo-mechanical mode to simulate the 
lithiation/delithiation in the coated 2D Si, which takes chemical and elato-plastic deformation into 
account 42, 43. As in figure 4-3f and h, our simulation shows that no matter in 2D or 3D cases, and 
where the lithium sources are, the mismatch of deformation between the coating and LixSi always 
leads to the wavy structures after delithiation. In figure 4-4, we simulated the real condition of the 
lithiation/delithiation in coated and bare Si nanosheets. Our simulation validates the mechanism 
discussed above. The system of coated 2D Si shows “anisotropic expansion” overall, as shown in 
Figure 4-4d. The first principal stress, the positive value of which propagate the crack growth, is 
much larger in bare Si than in the coated during lithiation. Figure 4-4 also shows much smaller 
in-plane expansion of coated Si than that of the bare one. 
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Figure 6-3. in-situ TEM characterization of 2D Si and its electrochemical behavior. (a) 
Schematization of in situ TEM cell. (b) Top-view and (c) Side-view of ex situ TEM images. (d-f) 
Time-variant captured images of in situ TEM video: pristine, 1st full lithiated state and 1st full 
delithiated state of 2D Si@C, respectively. The modeling of (g) horizontal and (h) longitudinal 
lithiation/delithiation behavior of 2D Si@C. (i) The sketch of mechanism on how mismatched 
deformation influence on the stress state in 2D Si@C during lithiation/delithiation process, which 
is compared to the imaginary debonded states. 
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Figure 6-4. Comparison between 2D Si@C (a-d) and bare 2D Si (d-f) by the chemomechanical 
modelling and in situ EIS analysis during 1st lithiation/delithiation. A group of the lithium 
concentration of (a) 2D Si@C, (f) bare 2D Si and the first-principle stress of (b) 2D Si@C, (g) 
bare 2D Si and in situ EIS results of (c) 2D Si@C, (e) bare 2D Si during lithiation and delithiation 
process. (d) The change in dimensional figures versus SOC calculated from the modeling. 
 
 
 
 
119 
 
6.4 Conclusion 
2D Si@C was simply synthesized through the cost-effective method with the variation of 
thickness via easy controls from 50 to 380nm. Based on the low surface area-to-volume ratio 
(~10m2 g-1), ICE value is the highest among the nanostructured 2D Si reported previously and 
delivered reversibly over 85% of initial charge capacity even at a 0.5 C rate. The electrochemical 
results were well reflected in the material design which had micro-scaled length in lateral and 
nano-scaled thickness in vertical. in addition, 2D Si@C also showed the unique mechano-
electrochemical behaviors such as volume change, elasticity, and dimension on delithiation. It is 
proved that the expanded lithium silicide had a wrinkled surface after delithiation by in-situ TEM 
and computational study, while bare 2D Si maintained an initial morphology with cracks. Based 
on the modeling of 2D Si@C, we can calculate the morphology change, lithium concentration 
and stress distribution during cycles as a function of SOC. The normalized stress of 2D Si@C 
was standardized downward compared to bare 2D Si due to the kinetics and structural difference. 
Moreover, the real-time impedance during cycle was obtained to understand the relationship 
between the cell resistance and stress relief of silicon. In conclusion, as the wrinkled sheet was 
made from the difference of mechano-electrochemical properties during delithiation, lithiation-
induced stress can be release into the structural evolution, leading fast kinetics. 
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